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Abstract 
 
Understanding the ecology of reproductive behaviours is an essential aspect in studying an 
animal species. Tuatara (Sphenodon punctatus), once widespread across New Zealand, have 
become severely restricted in distribution since the arrival of humans, due to the pressures 
of habitat destruction and introduced predators. Efforts to conserve and restore 
populations have included the translocation of individuals from islands to mainland 
ecosanctuaries. One transfer in 2012 occurred between Stephens Island (Takapourewa) in 
Cook Strait and Ōrokonui Ecosanctuary, 630 km to the south, near Dunedin. This 
translocation involved 30 wild adults, as well as 57 juveniles from wild and captive sources. 
Dunedin is several degrees colder than Stephens Island, so it is expected that this 
translocation may have some effect on the seasonal and reproductive behaviours of the 
ectothermic tuatara, an endemic reptile with temperature-dependent sex determination.  
 
This research aims to determine the current seasonal timing of reproductive behaviours and 
patterns of nocturnal activity at Ōrokonui, to describe observations of natural nests 
constructed at Ōrokonui, and to use temperature data loggers to compare nest sites and to 
make predictions on hatching time and sex ratios of clutches. As Ōrokonui is, on average, 
colder than Stephens Island, I predicted that reproductive behaviours would occur later in 
summer relative to Stephens and that clutches would have long incubation times and a 
female-skewed sex ratio. Monitoring was carried out from November 2017 to April 2018 
and over a second nesting season from October to December 2018 using trail cameras and 
visual searches during the day and night.  
 
I determined that tuatara at Ōrokonui have two main periods of high activity levels during 
the summer, in November and then between February – April.  Nesting behaviours primarily 
occurred between mid-November and mid-December. Nesting behaviours occurred in two 
location types, under the fenceline and in a gravel pile. I located and excavated two nests 
during the 2017-2018 active season. Temperature records obtained from one of the nests 
recorded thermal conditions experienced by the clutch, enabling prediction of the time of 
hatching and sex ratio. I predict a nest of females as well as a long incubation time of close 
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to two years, due to the low temperatures experienced. The findings from this research will 
provide information on the effect of translocation on the nesting ecology of tuatara, which 
can be used to help plan and manage future translocations and to predict the potential 
implications of climate change.  
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Chapter 1: General Introduction  
 
 
Although the highest diversity of reptile species occurs closer to the tropics (Böhm et al, 
2013), reptiles have successfully colonised a wide range of both marine and terrestrial 
habitats, and are distributed from coastal to alpine environments, and from the equator to 
high southern and northern latitudes (Doody & More, 2010; Gainsbury & Meiri, 2017; 
Heatwole & Taylor, 1987; Pincheira-Donoso et al., 2013; Roll et al., 2017). Reflective of this 
diversity of habitats, reptiles exhibit a wide variety of reproductive physiology and 
behaviours to suit their environments.  As ectotherms, reptiles are dependent on the abiotic 
conditions they experience to regulate their life history and physiology, including many 
aspects of their reproductive processes (Deeming, 2004; McDiarmid et al., 2012; Norris & 
Lopez, 2011).   
Historical and ongoing environmental destruction and alteration have caused global 
biodiversity declines across all taxa, with reptiles among the most threatened groups (Böhm 
et al., 2013). Conservation tactics including species reintroductions and translocations are 
extremely important in efforts to preserve unique reptile species. However, reptiles, being 
ectotherms, have important behaviours and physiological mechanisms that may be altered 
with different climates. Tuatara (Sphenodon punctatus) is one such species that has 
experienced severe population decline and fragmentation, with current management now 
often involving translocations. To effectively plan translocations, it is crucial that we 
understand the potential impacts of different climates on tuatara, for example, the 
translocation of tuatara between Stephens Island (Takapourewa) in Cook Strait to the colder 
climate of Ōrokonui. Therefore, in this chapter I present an overview of the thermal 
reproductive ecology of reptiles and highlight the unique challenges that must be 
considered when translocating in the face of global climate change. I then present an 
overview on the reproductive ecology and conservation status of tuatara. I also provide a 
description of Ōrokonui Ecosanctuary and the recent translocations of tuatara, previous 
research on the success of this population, and the knowledge gaps I aim to fill with this 
thesis.  
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1.1 General activity cycles in reptiles 
 
All animals have distinct periods in their daily and yearly cycles during which activity is 
concentrated (Heatwole & Taylor, 1987). An animal’s active period is the time they emerge 
from their burrows or shelters and display typical behaviours such as feeding, courtship, 
mating and nesting. Reptile emergence and behaviour are thought to be largely influenced 
by a number of abiotic environmental factors, including temperature, photoperiod, food 
availability and moisture, as well as biotic factors, including the activity of prey and 
predators (McDiarmid et al., 2012). For many reptile species, daily activity levels are 
determined by their preferred body temperature (PBT) range, the temperature range within 
which they prefer to operate (Camacho & Rusch, 2017). At the upper and lower limits of 
their PBT, a reptile will display behaviours aimed at increasing or reducing their body 
temperatures, usually through changing microhabitat selection. The temperatures where 
reptiles begin to show these behaviours are known as their voluntary thermal maximum 
(VTmax) and minimum (VTmin) (Camacho & Rusch, 2017; Huey & Berrigan, 2001).   
Reptiles show various patterns of daily emergence and activity, from completely diurnal 
(active during the day) to completely nocturnal (active at night) (Heatwole, 1976; Heatwole 
& Taylor, 1987). There are also variations to these patterns, where a species’ active period 
may be intermediate between the two. Diurnality is suspected to have evolved multiple 
times in response to cold environments and the subsequent need for basking in order to 
facilitate body temperature regulation (Gamble et al., 2015). A shift to a nocturnal activity 
pattern appears to be a response to warmer habitats and the need to avoid extreme 
temperatures and desiccation (Allen & Powell, 2014).  
Daily emergence can also be phenotypically plastic between individuals of the same species 
(Heatwole & Taylor, 1987). Personality may play a role in an individual’s decision to emerge 
or retreat to the safety of a burrow in a given situation (McDiarmid et al., 2012), with males 
often scoring higher for boldness, which is associated with emergence and activity levels 
(Ward-Fear et al., 2018).  
Seasonal activity levels are largely consistent among reptile species. For many species, the 
primary active season is spring through summer, with emergence also seen in autumn. 
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Many reptiles may emerge from burrows and crevices outside of their active season, but 
most show a period of inactivity, or dormancy, during colder winter months when lower 
body temperatures reduce their ability for movement and activity (Heatwole, 1976). During 
their active season, many diurnal reptiles emerge and retreat to their burrows at the same 
times each day, regardless of thermal conditions. This suggests that emergence during 
active seasons is, to an extent, separate from temperature and may be largely determined 
by photoperiod (Heath, 1962). 
 
1.2 Reptile reproduction 
 
1.2.1 Reproductive patterns and modes  
 
Scientists have long understood that most reptiles have cyclic reproduction, in which each 
of the stages of reproduction (courtship, mating, nesting or pregnancy and birth) occurs 
during the same time periods each year (Deeming, 2004; Engbretson, 1993; Heatwole & 
Taylor, 1987; Norris & Lopez, 2011). Seasonality in reproduction is even seen in the tropics, 
where activity otherwise occurs year-round (Brown & Shine, 2006). Temperature, 
photoperiod and moisture or rainfall often act as zeitgebers, signalling the onset of 
reproductive behaviours and physiological mechanisms (Daniel, 1960; Engbretson, 1993; 
Norris & Lopez, 2011). For many reptiles in temperate-zones, most of their reproductive 
behaviours occur during the warmest months in summer (James & Shine, 1985), and as a 
result embryogenesis occurs during a period of high ambient temperatures (Brown & Shine, 
2006). Seasonality may be evolutionarily advantageous as it can aid successful development 
of embryos and survival of hatchlings by avoiding times of negative abiotic factors and biotic 
factors such as predator activity (Brown & Shine, 2006; Norris & Lopez, 2011).  
Reptile reproduction can be broadly categorised into two distinct parity modes: oviparity 
and viviparity. Ancestral and most modern-day reptiles were or are oviparous, meaning that 
they invest in ovulated eggs that are shelled and then oviposited (i.e. laid) (Shine, 1983, 
2015; Norris & Lopez, 2011). Much of the embryonic development is completed within the 
egg after oviposition; therefore a long period of incubation in a nest is often required for 
complete embryo development (Heatwole & Taylor, 1987; Norris & Lopez, 2011; Shine, 
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2015). Most essential nutrients from the mother are incorporated into the egg prior to this; 
however, water and gas exchange with the environment is often still necessary. Oviparity is 
thought to be advantageous in habitats where soil and environmental conditions are as 
suitable for embryogenesis as maternal body temperatures, thereby removing the thermal 
advantage of uterine retention (Brown & Shine, 2006).  
Viviparous reptiles retain the embryo in utero for the duration of development and give 
birth to live, fully-developed young (Guillette, 1993; Norris & Lopez, 2011; Seebacher & 
Shine, 2004; Shine, 1983) . During gestation, nutrients are supplied to the embryo either in 
‘non-yolk’ form from the mother, or from yolk nutrients (Blackburn, 1982; Norris & Lopez, 
2011). In reptiles, viviparity only occurs within the squamates and is estimated to have 
evolved independently over 100 times (Blackburn, 1982; Shine, 1983, 2014). Viviparity is 
hypothesised to have evolved in reptiles inhabiting temperate environments, where the 
survival of developing embryos is increased by thermoregulation by the mother (Blackburn, 
1982). This theory is supported by a high proportion of viviparous reptiles in cooler climates 
such as high altitudes and latitudes (Guillette, 1993; Shine, 2014).   
1.2.2 Effect of temperature 
 
Temperature has various effects on the reproductive behaviour and offspring of reptiles 
(Valenzuela & Lance, 2004). Firstly, many oviparous reptiles have temperature-dependent 
sex determination (TSD), a physiological mechanism in which the sex of the offspring is 
determined by the temperatures experienced by the embryos in the nest (Bachtrog et al., 
2014; Norris & Lopez, 2011; Pieau & Mrosovsky, 1991). The Charnov-Bull model predicts 
that eggs should result in males when developing under conditions that promote a higher 
fitness, or capacity to survive, for males, and that female-favourable conditions will result in 
eggs developing as females (Charnov & Bull, 1977; Warner & Shine, 2008). 
Various patterns of TSD occur. The male-female pattern (MF), which occurs in many species 
of squamates, crocodilians and turtles, is a pattern in which males develop at lower 
temperatures and females at higher. The reverse of this pattern is female-male (FM), which 
is known to occur in tuatara and perhaps a few species of lizard (Norris & Lopez, 2011). 
Female-male-female (FMF) is another pattern, present in some turtles and lizards and most 
crocodilians, in which females develop at both extremes, with males produced at 
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intermediate temperatures (Doody et al., 2006; Mitchell et al., 2006; Norris & Lopez, 2011; 
Pezaro et al., 2017).  
Each species has one or two pivotal temperatures, which may vary between populations 
and species, which will create a 1:1 sex ratio (Pieau & Mrosovsky, 1991). Temperatures 
around the pivotal temperature would create a nearly even sex ratio, with the skew 
becoming more significant further from the pivotal temperature (Norris & Lopez, 2011; 
Pieau & Mrosovsky, 1991).  The range of temperatures where development of both sexes 
occurs is described as the transitional range of temperatures (TRT) (Girondot et al., 2004; 
Valenzuela & Lance, 2004). Sex is determined and fixed during a period of development 
known as the temperature-sensitive period (TSP). The TSP is usually influenced by 
temperature, with warmer temperatures triggering an earlier and shorter TSP; however, it 
generally occurs during the middle third of incubation (Pezaro et al., 2017; Pieau & 
Mrosovsky, 1991).  
The effects of global climate warming have obvious implications for reptiles with TSD; if one 
sex is produced significantly more, the persistence of the species may be compromised 
(Cree 2014; Mitchell et al. 2010). This is important to keep in mind when considering species 
translocations to different thermal regimes; nests must be able to produce sex ratios that 
can sustain the population (Doody et al., 2006).  
The development of embryos, and therefore incubation time, is also influenced by 
temperature in many oviparous species (Deeming, 2004; Heatwole & Taylor, 1987; Norris & 
Lopez, 2011). In these species, rate of growth within the eggs increases with temperature 
and so there is an inverse relationship between temperature and incubation time.  
 
 
1.2.3 Nesting behaviour of oviparous reptiles 
 
In oviparous reptiles, eggs are oviposited and further incubated for several weeks or months 
before hatching, usually in some form of nest (Guillette, 1993; Shine, 1983). There is often a 
significant time gap between mating and the onset of nesting behaviour and oviposition, a 
process typically associated with temperature and photoperiod variations (Norris & Lopez 
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2011). Oviparous reptiles exhibit many unique behaviours associated with the preparation 
of a nest site and the production and oviposition of eggs (Heatwole & Taylor, 1987).  
The biotic and abiotic factors driving reproduction are complex. Nesting behaviour, the 
period during which an oviparous female is excavating and preparing a nest for her eggs, is a 
critical stage in this process (Heatwole, 1976; Heatwole & Taylor, 1987). The behaviour and 
decisions of the female during this period determine the conditions the eggs are exposed to 
during critical phases of their development (Norris & Lopez, 2011). Factors that a nest will 
be exposed to, including temperature and moisture level, will have important implications 
for the hatching time and sex ratio of a clutch. The conditions experienced by embryos in a 
nest can have a significant effect on the success of both embryonic development and post-
hatching fitness; some extremes are found to have a detrimental effect on offspring survival 
(Burger, 1989).  
Temperature regime and photoperiod have been associated with the nesting behaviours of 
many reptiles. A notable example is the painted turtle (Chrysemys picta), which is widely-
distributed in North America. Researchers have analysed populations spread across 12 
degrees in latitude and found differences in the timing of nesting behaviours, closely 
correlated with latitude and therefore temperature (Mitchell et al., 2013; Moll, 1973; 
Schwanz & Janzen, 2008). Populations from the higher, colder latitudes showed later onset 
of nesting behaviours and more contracted nesting seasons.  
Upon the completion of oviposition, some reptiles linger in the vicinity of their eggs in a 
behaviour known as nest attendance (Rheubert et al., 2015). Nest attendance behaviour 
may protect the offspring from predators, exposure to the elements or even conspecifics, 
who may attempt to hijack the nest site and destroy the eggs (Groves, 1982). Some varanid 
mothers return to their nests to aid the emergence of hatchlings, ~8 mo after nesting 
(Carter, 1999).  
1.2.4 Nest site choice  
 
The investment by female reptiles in nest sites is highly variable, ranging from laying eggs on 
the soil surface to careful site selection and nest construction (Rheubert et al., 2015). Nest 
site directly determines the exposure of the eggs to biotic and abiotic factors such as 
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predation, parasitism, desiccation and temperature extremes. Biotic and abiotic factors not 
only influence embryonic survival, but also the future success of the hatchling via effects on 
size, growth and performance (Deeming, 2004; Shine & Elphick, 2001). Although post-
hatching parental care is known in many crocodilian species, oviparous squamates typically 
provide no parental care for neonates, so the location and construction of an adequate nest 
site is important as the final investment into offspring (Doody et al., 2013; Shine, 2005).   
Appropriate site selection enables females to optimise the success of the hatchlings (Shine 
& Wall 2005). Temperature and moisture appear to be the two most significant factors in 
nest-site selection for lizards, as these have been shown to affect the fitness of hatchlings in 
a wide study of lizard species (Chapple et al., 2017; Deeming, 2004). An experiment 
conducted on brown anoles (Anolis sagrei) gave individuals a choice of nesting sites differing 
in moisture content and found that females chose nest sites that resulted in the highest 
hatching success, largest offspring and highest offspring survival (Reedy et al., 2012; Socci et 
al., 2005). Another study found similar results in female eastern fence lizards (Sceloporus 
undulatus), determining that females’ nest site selection was based on thermal and 
moisture conditions most beneficial to hatchlings (Warner & Andrews, 2002). These findings 
suggest that females do not choose sites to equalise sex ratio, but rather to maximise 
survival and success of offspring. From these studies, it can be inferred that reptiles 
translocated to different regions may have a certain degree of resilience as they may adjust 
nesting behaviour to benefit hatchlings. However, they may potentially skew offspring sex 
ratios by selection of sites that maximise survival of neonates.  
Doody et al. (2006) researched the nesting behaviour of an Australian lizard with 
temperature-dependent sex determination (Physignathus lesueurii). This field study found 
that females selected different nest sites to compensate for changes in climate; for 
example, at cooler sites, they chose more open nest sites with higher radiation levels 
(Doody et al., 2006). This implies a high level of flexibility in nesting behaviour in accordance 
with different temperature regimes. The authors do note, however, the complexity of nest 
site choice in regard to the high number of factors influencing this behaviour.  
Females of some reptile species move significant distances from their home range for nest 
building and oviposition; for example, female Sceloporus spp. move from the forest to open 
areas with higher temperatures to build their nests (Rheubert et al., 2015). Some studies 
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also indicate that nesting behaviour of reptiles is associated with social cues. For example, 
Graves and Duvall (1995) and Doody et al. (2009) reported that 255 species of lizards 
oviposit in close proximity to other conspecific individuals. This could be the result of social 
cues or a restricted area of suitable nesting environment.  
1.2.5 Latitudinal variation in time of nesting and hatching  
 
Three turtle species living in cool-temperate climates overwinter in the nest and emerge in 
spring (Gibbons & Nelson, 1978). This strategy ensures that hatchlings enter a more 
hospitable environment with higher levels of food, heat and light (Ultsch, 1989). Costanzo 
and colleagues (1995) reported that this strategy is common at higher latitudes and suggest 
that in northern and southern populations of turtles, juveniles hatch in autumn and 
hibernate over winter like the adults. Exceptions to this do exist though; for example, the 
painted turtle (Chrysemys picta), even at the northern limit of its range, overwinters in the 
nest (Costanzo et al., 1995).  
 
1.3 Tuatara 
 
The tuatara (Sphenodon punctatus) is the sole living representative of Rhynchocephalia, the 
sister group of Squamata. Tuatara are endemic to New Zealand, and fossil remains have 
shown that they were once widespread across New Zealand’s islands, in a variety of 
environmental conditions (Miller et al., 2012). Since the arrival of humans in the 13th 
century, tuatara have experienced severe decline due to the effects of habitat destruction, 
predation and competition from introduced mammalian pests and now occupy about 0.5% 
of their former range (Cree & Butler, 1993; Gaze, 2001). Populations now only occur 
naturally on 32 small islands off the coast of the North Island and in Cook Strait (Figure 1.1) 
(Cree, 2014; Daugherty et al., 1990). These populations are distributed across 6° of latitude, 
which is 30% of their range prior to human arrival in New Zealand. The largest tuatara 
population exists on Stephens Island (Takapourewa) in Cook Strait (40°40′S 174°00′E), which 
is estimated to be home to at least 30,000 individuals (Gaze, 2001; Jones & Cree, 2012). 
Tuatara are currently unable to re-establish and maintain wild populations on the mainland 
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without assistance due to an inability to disperse and the continued presence of mammalian 
predators.  
Tuatara are an extremely long-lived and slow growing species, with life spans that are 
thought to be up to 100 years (Castanet et al., 1988; Cree, 2014; Gaze, 2001). One 
skeletochronology study estimated that tuatara may reach maturity between 11 and 13 
years (Castanet et al., 1988); however, other evidence suggests it could take up to 15-20 
years (Cree, 2014; Mello et al., 2013). A primarily ground-dwelling reptile, tuatara are strong 
diggers and build home burrows (Cree, 2014). On the islands they now inhabit, tuatara are 
known to primarily build their home burrows in forested, sheltered areas, often favouring 
the base of tree trunks and gaps between rocks and the soil. On Stephens Island they 
sometimes construct burrows inside decaying tree stumps or logs, and they also make use 
of timber and other types of anthropogenic debris for cover (Cree, 2014). In the forests of 
Stephens Island they sometimes share burrows with nesting seabirds, particularly fairy 
prions (Pachyptila turtur) (Newman, 1987; Gaze, 2001). The major extant natural predators 
of tuatara include the Australasian harrier (Kāhu; Circus approximans) and the sacred 
kingfisher (KŌtare; Todiramphus sanctus) (Cree, 2014).  
Tuatara are considered to be a taonga (treasure) species by many iwi (Ramstad et al., 2007), 
including Ngāti Koata, an iwi of the northern South Island whose rohe includes Takapourewa 
(Cree & Butler, 1993; Gaze, 2001). In a 2011 report, known as WAI262, the Waitangi 
Tribunal recognised the role of Māori as kaitiaki (stewards or guardians) of many native flora 
and fauna species, including tuatara (Waitangi Tribunal, 2011). Māori involvement in tuatara 
conservation is also considered as an essential aspect of recovery goals (Cree & Butler, 
1993; Gaze, 2001). This collaborative approach between the Department of Conservation 
(DOC), iwi and relevant research institutions has been ongoing and has paved the way for 
each group to succeed in their goals over the last three decades (Ramstad et al., 2007, 
2009).  
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1.4 Emergence and activity 
 
Tuatara are a primarily nocturnal reptile, with the highest activity on Stephens Island seen 
after sunset on warm, calm, moist nights (Cree, 2014; Walls, 1983). Researchers have also 
often noted low levels of emergence and activity on nights with clear skies and a full moon 
(Cree, 2014). During nocturnal activity, tuatara are known to travel widely from their 
burrows, presumably in search of food and mates (Cree, 2014; Walls, 1983).  Outside of the 
nesting season, researchers have often observed differences in behaviour between males 
and females in regard to nocturnal emergence. Males, outside of the nesting season, are 
often seen more commonly and further from burrows than females (Cree, 2014; Walls, 
1983).   
On days with suitable temperatures, tuatara are often seen basking in the sun, though 
usually in the immediate vicinity of their burrows. Given this behaviour, they have been 
described by some researchers as diurno-nocturnal (Werner & Whitaker, 1978). This 
behaviour has been found to vary between habitat types. Gillingham and Miller (1991) 
found that tuatara in forested habitat were often seen to emerge from their burrows 
throughout the entire day-light period, and to exhibit feeding, courtship, mating and burrow 
excavation behaviours between midday and 6 pm (Gillingham & Miller, 1991). Tuatara that 
inhabited pastured habitats were only rarely seen emerged from their burrows during the 
day. An explanation for this behaviour has been suggested as the presence of the 
Australasian harrier, a predator of tuatara that does not enter the forest (Gillingham & 
Miller, 1991). 
Nocturnal emergence of tuatara on Stephens Island peaks in mid to late summer (December 
– February). The rise in activity during this period correlates with peaks in air temperature 
and high levels of invertebrate prey species (Walls, 1983). Tuatara go through phases of 
reduced activity during the colder winter months (Cree et al., 1992). 
 
1.5 Female reproduction  
 
Most research on tuatara nesting behaviour and ecology has been conducted on Stephens 
Island, as it has the largest tuatara population (Cree, 2014). As a result, current knowledge is 
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focused on this Cook Strait population, and there is less literature on reproductive 
behaviours at other latitudes. Tuatara are oviparous; females reproduce every 2-5 years, 
and in the year that they nest, they produce only one clutch (Cree, 1994; Cree et al., 1992; 
Newman & Watson, 1985). Annual reproductive output, calculated as mean clutch 
frequency (mean number of clutches per year per mature female) times mean clutch size, is 
low in tuatara as they only reproduce every few years (Cree, 1994). Tuatara embryos are at 
a very low level of development when they are oviposited; tuatara are unusual in that most 
embryogenesis occurs in the egg, externally of the mother (Moffat, 1985; Thompson, 1990).  
 
1.5.1 Tuatara nesting frequency 
 
It has long been understood that female tuatara do not become gravid (i.e. develop shelled 
eggs in their oviducts) every year, and as such they do not nest annually in wild populations 
(Cree 1994; Cree, 2014; Cree et al. 1996). This is a trait seen in some other medium or large-
bodied reptiles with similar life histories, including alligators and marine turtles (Norris & 
Lopez 2010).  
Females on Stephens Island will, on average, be gravid every 4-5 years (Cree, 1994; Cree et 
al., 1991; Cree et al., 1992). Further studies on tuatara from North Brother Island as well as 
Stephens Island, have found individuals that nested two years apart (Newman et al., 1994; 
Refsnider et al., 2010; Tyrrell et al., 2000). Newman and colleagues (1994) also found some 
females that did not produce eggs over four successive years, and Cree (1994) found one 
individual that did not nest for up to five years. As a result of these studies, we may 
conclude that female nesting frequency across populations may be every 2-5 years (Cree, 
2014). As only a subset of the mature female population nests in any given year, there is a 
limitation to the ability of studies to compare the nesting behaviour of individual females 
year to year. Some captive females have been known to reproduce annually, which 
indicates that environmental factors faced by wild populations, including temperature and 
food availability, may constrain reproductive ability (Blanchard, 2002; Cree, 2014; Moore et 
al., 2008).    
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1.5.2 Timing of reproductive behaviours  
 
On Stephens Island, the onset and timing of reproductive behaviours in tuatara are strongly 
correlated with seasonal change. Mating behaviour typically occurs in late summer and 
autumn (January-March). On Stephens Island, nesting typically begins in late spring (October 
– November) and sometimes extends into summer (December) on both North Brother 
Island and Stephens Island, when females move from home burrows and begin building 
nests, often congregating in rookeries (Refsnider et al., 2013; Thompson et al., 1996). 
Current understanding indicates that temperature is the primary cue for onset of nesting 
behaviours (Nelson et al., 2018). 
 
Although few studies have been conducted on nesting behaviour for tuatara on northern 
islands (relative to Stephens Island and North Brother Island), observations indicate that 
nesting occurs at the same time or later in the summer than on Stephens Island (Cree, 2014; 
Tyrrell, 2000; Tyrrell et al., 2000). This is unexpected, as one would expect southern tuatara 
to nest progressively later in the year, at temperatures comparable to those experienced in 
more northern locations. Because the reproductive behaviours of reptiles may be selected 
to benefit hatchling success (Warner & Andrews, 2002), a possible explanation for this is 
that nesting is timed so that juveniles will hatch into warm conditions. Timing of hatching is 
less of an issue for northern populations of tuatara that experience higher mean annual 
temperatures. 
 
 
1.5.3 Influence of temperature on development 
 
Like many other egg-laying reptiles, tuatara have temperature-dependent sex 
determination.  The sex ratio of the clutch is therefore determined by the thermal regime 
experienced in the nest (Cree et al., 1995; Mitchell et al., 2006; Mitchell & Janzen, 2010). 
Tuatara exhibit the unusual type FM pattern of TSD, in which the females develop at lower 
temperatures and males develop at the higher, with a pivotal temperature of 22°C (Cree et 
al., 1995; Mitchell et al., 2006) . This places tuatara at risk of skews in the sex ratio of the 
population as a result of climate change and poor nest site selection (Besson et al., 2012; 
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Mitchell & Janzen, 2010; Nelson et al., 2004a). In one field study, tuatara were seen nesting 
at a time that would cause the TSP to occur during the warmest period of the year for that 
region (Nelson et al., 2018).  
 
The incubation time for a tuatara nest is between 10-16 months on Stephens Island, and this 
is strongly influenced by nest temperature, with colder temperatures delaying hatching time 
(Nelson et al., 2004a; Thompson, 1990). Tuatara development within the egg is correlated 
to temperature; the rate of development increases with warm conditions and slows down 
or stops completely in colder conditions. In laboratory experiments highest incubation 
success seems to occur between constant incubation temps of 18-22°C (Nelson et al., 
2004a; Thompson, 1990). At constant incubation temperatures of 15°C and lower, 
development occurs but hatching is unsuccessful and the eggs fail (Thompson, 1990). 
Thompson (1990) also found that hatchling mass exceeds the mass of the freshly laid eggs, 
suggesting that water absorption is an important aspect of embryonic development.   
 
1.5.4 Nest sites 
 
Tuatara are not known to provide parental care for young after hatching, so the location 
and construction of an adequate nest is an important investment into offspring (Cree, 2014; 
Refsnider et al., 2010). At the onset of nesting behaviour, most female tuatara first move to 
more open, sunnier places where temperatures are more likely to reach the levels required 
for embryonic development (Cree, 1994; Refsnider et al., 2013; Thompson et al., 1996). 
These areas are usually forest clearings (Cree, 2014; Cree & Butler, 1993; Thompson et al., 
1996). On Stephens Island, females have also been observed on cliff faces, pathways and 
pasture previously grazed by livestock (Cree, 2014). Females construct their nests in a 
variety of substrates based on what is available, notably soil and soil-shingle but also 
sometimes beneath rocks and under bushes or tussock (Thompson et al., 1996). Refsnider 
and colleagues (2010) noted an apparent preference for areas of loose soil and little 
vegetation, which is thought to be due to the ease of digging in these sites, as well as the 
warmer temperatures they may provide. Studies have also recorded a high level of 
philopatry in nest site choice, as females show fidelity to nesting rookeries, and regularly 
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choose nest sites used by females in previous years, often to the detriment of any eggs 
already in the site (Refsnider et al., 2009, 2010). Nelson et al. (2004a) reported that females 
chose nest sites based on likelihood of hatching success rather than for manipulation of sex 
ratio.  
 
1.5.5 Nesting behaviours of tuatara 
 
There are three main phases to the behaviour collectively referred to as ‘nesting behaviour’ 
throughout this thesis. These phases are nest digging, oviposition and nest attendance or 
guarding (the latter being carried out by some, but not all, females) (Cree, 2014). 
In areas with favourable nesting conditions, females often aggregate together in a rookery, 
where competition for nest sites often occurs between females (Cree, 2014; Refsnider et al., 
2009, 2013). Females with fresh injuries and erect crests indicate that fighting and 
aggression occur during the nesting season (Refsnider et al., 2009). Competition for 
favourable nest sites often results in the ejection of eggs from an overtaken nest, and the 
oviposition of the victor’s eggs (Cree 2014). This can happen in the same season, or even 10-
12 months later in the following season when embryos are at a late stage of development 
(Thompson et al. 1996). Ejected eggs face certain death from predation or environmental 
factors such as desiccation.   
Many females start off the nesting process by digging several false nests or “scrapes” in a 
behaviour known as exploratory digging. After a female settles on a site, it often takes her 
several nights to complete construction of the nest site (Thompson et al., 1996). Oviposition 
occurs in a single night and the nest is backfilled with soil and vegetation straight away 
(Cree, 2014; Thompson et al., 1996). After oviposition, some females remain at their nests 
over the following days to guard their nests from excavation by conspecific females 
(Refsnider et al., 2009). Refsnider and colleagues (2009) found that females may use activity 
levels to assess the likelihood of nest interference and thus adjust their behaviour 
accordingly. They also found that guarded nests were less likely to be interfered with, 
indicating that it is an adaptive behaviour (Refsnider et al., 2009).  
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1.5.6 Characteristics of nests and eggs 
 
Tuatara nests consist of a shallow subterranean tunnel that expands at the end into a slight 
chamber, where the eggs are oviposited (Thompson et al., 1996). The nest tunnels can be up 
to 900 mm long and the topmost eggs can be between 30 and 155 mm below the soil 
surface, which may include an airspace above the top egg (Cree, 2014). The nest tunnel is 
typically backfilled with loose earth from the original digging, and other vegetation and 
material in the vicinity of the site.  
 
Tuatara lay soft-shelled, flexible, leathery eggs in clutches (eggs produced in a single nesting 
event). The mean clutch size for tuatara on Stephens Island is 9; however, the number can 
range between 1 and 18 (Cree, 2014; Cree et al., 1991; Newman & Watson, 1985). Clutch 
size is known to vary with body size, with larger (longer snout-vent length) females 
producing more eggs (Cree et al., 1991). Immediately after oviposition, eggs are soft and 
glistening white, which hardens to a chalky white soon after (Cree, 2014). Eggs increase in 
size throughout incubation, as a result of water absorption from the surrounding substrate, 
which is important for embryonic development and survival.  
 
1.6 Tuatara conservation and recovery 
 
Tuatara are currently considered as an ‘At Risk-Relict’ species by the Department of 
Conservation (DOC), as they now occupy <10% of their former range, but have a stable 
population of >20,000 individuals (Hitchmough et al., 2016). Despite not being classified as a 
threatened species, tuatara populations are severely fragmented, which limits their ability 
to migrate and adapt, due to a lack of genetic connectivity. This inability to disperse, as well 
as the continued presence of mammalian pests, means that tuatara are unable to re-
establish populations on the mainland without management. In recent decades, tuatara 
have come to the forefront of New Zealand conservation focus due to their fascinating life-
history, national and international significance and importance to local people, especially iwi 
(Cree, 2014; Gaze, 2001; Ramstad et al., 2007). Two recovery plans published in 1993 and 
2001 outlined DOC’s plans for the recovery and management of the tuatara populations. 
The plans included captive incubation and breeding of stocks for reintroduction to the wild, 
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further translocations to offshore islands, eradication of kiore from additional offshore 
islands and establishing long-term captive populations (Cree & Butler, 1993; Gaze, 2001).  
Efforts to re-establish populations on the mainland have been aided through the 
construction of ecosanctuaries, with the development of effective predator-resistant fences 
being crucial for this (Jarvie et al., 2014). The fences are designed to exclude most of the 
main introduced mammalian predators, including possums, stoats, rats and cats (Tanentzap 
& Lloyd, 2017). After construction of the fence, tracking and trapping efforts are made to 
clear the inside of the fence from predators, thus creating a mainland ‘island’. This has 
proved to be a very effective method against most pests, with the exception being mice 
(Tanentzap & Lloyd, 2017). Translocation, the human-mediated transfer of species from a 
source location into a new or former range, has been a landmark method in the restoration 
of New Zealand species of reptiles, birds and invertebrates (Armstrong & Seddon, 2007; 
Bogisch et al., 2016). The first translocation of tuatara to a mainland ecosanctuary occurred 
in 2005, when 70 individuals were translocated from Stephens Island to the Karori Wildlife 
Sanctuary in Wellington (now known as ZEALANDIA) (Miller et al., 2009).  
 
17 
 
 
Figure 1.1: Map showing notable tuatara populations referred to in this thesis; Stephens 
Island (source population for ZEALANDIA and Ōrokonui tuatara), Little Barrier Island, Lady 
Alice Island and North Brother Island. Nga Manu Nature Reserve is also included as the site 
where some of the captive-raised Ōrokonui tuatara were reared. Modified from Jarvie et al. 
(2015). 
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1.7 Ōrokonui Ecosanctuary 
 
Ōrokonui Ecosanctuary (Te Korowai o Mihiwaka; hereafter referred to as Ōrokonui) is 
located on the south-eastern coast of the South Island (45°46’S, 170°36’E; Fig. 1.1). It lies in 
a north-facing valley above the settlement of Waitati, c. 20 km north of Dunedin, and ranges 
in elevation from c. 30 – 370 m above sea level. An 8.7 km pest-exclusion fence was 
constructed around the perimeter of the ecosanctuary in 2007, and ongoing pest-
eradication has cleared the sanctuary of almost all introduced mammals, with the exception 
of mice (Bogisch et al., 2016), which are actively controlled to keep numbers suppressed. 
The habitat at Ōrokonui is hilly and mainly forested, consisting of 307 ha of primarily 
remnant and regenerating native forest (Otago Natural History Trust, 2005). The landscape 
is dominated by kānuka (Kunzea ericoides), with native and introduced broadleaf and shrub 
species also present (Bogisch et al., 2016; Tanentzap & Lloyd, 2017). Due to its elevated 
location, it can experience cold snaps, with temperatures dropping below that of 
surrounding lower areas, including Dunedin city, and snow settling for several days at a time 
over winter months (NIWA, 2018). Since construction, the sanctuary has been at the 
forefront of community conservation efforts in the Dunedin area. 
 
1.7.1 Translocation of tuatara to Ōrokonui  
 
Before any translocations occurred, research was conducted on the suitability of 
temperatures at Ōrokonui for the translocation of tuatara. These studies suggested that the 
temperatures were suitable to support a tuatara population. For example, analysis of soil 
temperatures suggested that temperatures could result in nests producing both males and 
females (Besson & Cree, 2011; Besson et al., 2012; Jarvie et al., 2014).  
In 2012, a translocation of 30 wild-caught adults, plus 57 juveniles from a mix of wild-caught 
and captive-reared individuals, was made over a two-month period to Ōrokonui, thereby 
establishing the first reintroduced population of wild tuatara in the South Island (Jarvie et 
al., 2015; Jarvie et al., 2016). Juvenile tuatara were all of Stephens Island origin, however 
they came from three distinct groups: wild-caught juveniles transferred directly from 
Stephens Island, head-started juveniles from Nga Manu Nature Reserve (40°87’S, 175°06’E) 
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in Waikanae, and head-started juveniles from Ōrokonui (Jarvie et al., 2014, 2015). In 2016, a 
further 17 captive-reared juveniles were released from the University of Otago’s 
Department of Zoology to reinforce the initial population (Jarvie, 2017).  
These relocations, a shift of ~630 km southward from Stephens Island, at a latitude of 41°S, 
to Ōrokonui at 45°S (Figure 1.1), represents a dramatic climatic shift for these individuals 
and is likely to have some effect on their life history and behaviour (Jarvie et al., 2014; Jarvie 
et al., 2016; Kitchin et al., 2017). Mean temperatures in copper models of tuatara at 
Ōrokonui were up to 3°C cooler in the shade and up to 10°C cooler in the sun than on 
Stephens Island (Besson & Cree, 2010).  
Studies examining the ongoing growth and survival of the Ōrokonui tuatara have found that 
the population so far has been successful up to Stage 1 of the standardized criteria for 
translocation success developed by Miller et al. (2014) (Jarvie et al., 2015; Jarvie et al., 
2016). Miller et al. (2014) describe Stage 1 of a successful translocation as the survival and 
growth of translocated individuals, i.e. including recapture of a specific proportion of the 
population, with individuals showing increases in body size, mass or body condition (mass 
relative to snout-vent length). Stage 2, evidence of successful reproduction, has not yet 
been seen in the Ōrokonui population. At the time of their release to Ōrokonui in 2012, nine 
of the adult females were estimated from palpation to be gravid (carrying eggs in oviducts) 
(pers. comm. from Nicola Nelson to Alison Cree), so by 2017, the first nesting season of my 
study, at least some of these females could be expected to be gravid again. Other females 
could also be gravid in 2017 (e.g. if they had a short, ~2 year, inter-nesting interval), due to a 
short (~2 year) inter-nesting interval, and some of the females released as juveniles would 
now be expected to have reached maturity and so may also be gravid in 2017 (Cree, 1994, 
2014).  
 
1.8 Aims and Objectives 
 
The ecology and behaviour of tuatara are important areas of research due to their potential 
in helping to plan and prepare for future translocations and conservation programmes. With 
climate change expected to result in increased temperatures across New Zealand (Mullan, 
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2018) and the current aim to have a ‘Predator-Free’ New Zealand by 2050 (PF2050), it 
seems likely that further translocations of tuatara and other reptiles will take place in the 
near future (Gaze, 2001). For the success of these projects, it is vital that we study and learn 
as much as possible about tuatara physiological and behavioural biology to understand how 
these reptiles are likely to be affected. My research focussed on the behavioural ecology of 
the tuatara at Ōrokonui Ecosanctuary, with an emphasis on seasonal activity and 
reproductive and nesting-related behaviours. 
There are four main objectives to this study. My first objective is to determine seasonal 
patterns in the nocturnal activity of tuatara at Ōrokonui. Based on previous knowledge of 
tuatara emergence and activity from other populations, I predict that the tuatara at 
Ōrokonui will follow a similar pattern of increased emergence over the spring and summer 
seasons.  
My second objective is to determine when reproductive behaviours, especially nesting, but 
including courtship and mating, are occurring. Most of the current knowledge on tuatara 
reproduction is from research conducted on Stephens Island, and there has been less 
research on reproductive behaviours in other populations (Cree, 2014). Based on previous 
research conducted on latitudinally widespread reptiles (Moll, 1973), I predict that 
reproductive behaviours of tuatara will occur later in the summer at Ōrokonui, compared 
with northern populations, as the southern South Island is known to experience delayed 
increases in temperature at the beginning of summer. Due to the Stephens Island tuatara 
being known to nest in open areas (Refsnider et al., 2010), I predict that the Ōrokonui 
tuatara will nest in an area of rank grass, next to the forested release areas at Ōrokonui. I 
also predict that I may see some nesting behaviour in a gravel pile located in the area, 
placed there by sanctuary staff, as suspected nest digging has occurred there in previous 
years (Alison Cree, pers. comm.).  
My third objective is to, upon the discovery of any nests, describe the characteristics of the 
nests and eggs. I installed temperature data loggers and monitored nest temperatures 
throughout incubation to make predictions on hatching time and the sex ratio of the clutch. 
Research has found that the soil is capable of reaching temperatures that would produce a 
mixed-sex clutch; however, I predict that the sex-ratio would still be skewed towards 
females, as Ōrokonui is colder than Stephens Island (Besson et al., 2012; Jarvie et al., 2014). 
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I also predicted that, due to low temperatures, incubation will be long for the nests, and 
could be up to 16 months or longer (Thompson, 1990).  
On Stephens Island nest sites are known to be re-used across years, and these sites are 
thought to have loosened soil as a result. Therefore, my fourth objective is to conduct an 
experiment to investigate whether loosening soil at Ōrokonui serves as an attractant to 
nesting females searching for a nest site. I predict that tuatara will favour nest exploration in 
the plots with loosened soil over un-loosened soil, as it may more closely resemble the 
nesting rookeries of Stephens Island (Refsnider et al., 2010).  
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Chapter 2: Materials and Methods 
 
2.1 Study sites 
 
2.1.1 Preliminary studies in Wellington, including at ZEALANDIA 
 
In October 2017, I went to Victoria University of Wellington (VUW) where, under the 
guidance of my co-supervisor Dr Nicola Nelson, I practised palpating female tuatara. 
Palpation is a technique used to infer whether a female is gravid (carrying eggs in her 
oviducts). For this, the female is held belly down and a thumb is run along the length of the 
belly, with the aim of feeling the eggs slide individually under the thumb (Fitch, 1987). This 
technique has been used successfully on many lizard species (Gartrell et al., 2002; Hare & 
Cree, 2010) and has been conducted on tuatara by Nicola Nelson in previous studies (Nelson 
et al. 2004a). We captured two female tuatara from an enclosure at VUW and palpated 
them, inferring one of them to be gravid. We also caught and palpated four adult females at 
ZEALANDIA, a fenced ecosanctuary in Karori, Wellington (41°30’S, 174°75’E). Of these, three 
were considered to be gravid. 
 
2.1.2 Ōrokonui Ecosanctuary 
 
The majority of this research was conducted at Ōrokonui Ecosanctuary (Figure 1.1), about 
20 km north of Dunedin city in the South Island of New Zealand. Ōrokonui is a 307 ha fenced 
mainland sanctuary that provides a safe ‘wild’ place for native New Zealand species to  
survive and reproduce in the virtual absence of introduced mammalian predators. The 
sanctuary has a predator-resistant fence that is designed specifically to exclude mammalian 
predators. It is built with a fine mesh, an underground skirt to prevent pests burrowing 
under, a curved hood that stops predators climbing over and a wire sensor that alerts 
management to any interference from trees or logs that may compromise the fence. All 
mammalian predators have been removed from the sanctuary, with the exception of mice, 
which have been persistent in many mainland sanctuaries despite heavy pest control efforts 
(Tanentzap & Lloyd, 2017).  
23 
 
 
 
At Ōrokonui, the adult tuatara were released into one forested area, and the juveniles were 
released into two adjacent forested areas (Figure 2.1). These areas had been identified as 
being suitable tuatara habitat (Jarvie et al., 2014) and artificial tuatara burrows, made from 
novacoil pipe, had been installed throughout the area. At the time of my study in 2017, a 
few juveniles were still known to inhabit the artificial burrows in their release areas, but 
unpublished surveys by our research group indicate that most of the adults appear to have 
moved away from their release area (Cree et al., 2018; Jarvie et al., 2015, 2016, 2017). While 
a few adults are suspected to have spread to more distant areas of the sanctuary, most 
appear to have moved to an area of rank grass and bracken/shrubland between the 
fenceline and the forest about 30 m from the release area (Figure 2.1). Many natural 
burrows have been located in this area, and tuatara are often seen here and in areas of 
adjacent mown grass at night (Cree et al., 2018; Jarvie et al., 2013, 2014, 2015, 2016, 2017).  
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Figure 2.1: A) Map of the Dunedin region showing the location of the Ōrokonui 
Ecosanctuary in red box. B) Green area showing the outline of the ecosanctuary C) Site map 
with black dots indicating the sites of artificial release burrows in the juvenile release sites 
and blue shading indicating the adult release area. Shading of the release sites is the 
minimum convex polygon around the outermost artificial burrows. Red dots indicate sites of 
two known nests and purple dots indicate locations of trail cameras. There is an area of 
shrubland and rank grass around the areas of trail cameras where many tuatara have made 
natural burrows and are most commonly spotted during night monitoring. The fenceline is 
not shown and the locations of nests have been jittered slightly. Part C of this map will not 
be presented in the final version of this thesis due to the sensitive nature of the 
information. For access to the map or further information, please contact the author, Alison 
Cree or the Conservation Manager at Ōrokonui, Elton Smith.  
 
2.2 Seasonal patterns of nocturnal emergence and reproductive behaviours at Ōrokonui 
 
2.2.1 Night monitoring 
 
Between November 2017 and the end of March 2018, I organised six night-time surveys of 
the tuatara release area as part of the University of Otago’s Tuatara Research Group’s 
annual monitoring of tuatara. Data collected on survival and body condition will be reported 
elsewhere. These trips gave me an opportunity to look for evidence of behaviour and body 
condition that may be associated with reproduction and nesting, the focus of my thesis. 
Tuatara were found in and near to the release areas and captured by hand. Sex was 
identified using signs of sexual dimorphism: males reach a larger maximum size and have 
longer, more ‘torpedo’ shaped heads, narrower abdomens and more distinctive crests. 
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Females have shorter heads, round abdomens and smaller, less-pronounced crests (Cree, 
2014). I palpated all adult females captured to infer gravidity status.  In conjunction with 
identifying sex and reproductive condition, I measured and recorded snout-vent length 
(SVL), vent-tail length (VT), regeneration length (R) and mass. I conducted all the 
measurements to ensure consistency. With each tuatara captured, I recorded a description 
of the location, and a GPS reading (coordinates and elevation). I marked each tuatara 
captured with a white correction-fluid mark on the nose and their ID in black non-toxic pen 
marker on their flanks. This enabled me to avoid re-capturing the same individual and 
helped me identify individuals that were photographed by my trail cameras.  
In order to see how the body condition of females varies with gravidity and oviposition 
across time, I created a timeline on the body condition of the females that were determined 
to have nested in the 2017 nesting season. To do this, I made use of data that had been 
collected from every capture since their release in 2012. I first calculated their body 
condition, using the standardised residuals from the relationship between log body mass 
and log snout-vent length, for each capture. The standardised residuals were then plotted 
against the date of each capture.  
 
 
2.2.2 Daytime burrowscoping  
 
Twice during the fieldwork season, I participated in the University’s Tuatara Research 
Group’s burrowscoping search throughout the known artificial and natural burrows. For this 
we used a burrowscope (Sextant technology Inc. Mulot) to look in the known natural and 
artificial burrows throughout the study area to see if a tuatara was inside. Using this 
method, we managed to capture several individuals by day. These individuals were sexed, 
measured and weighed, as with the individuals captured during night monitoring.  
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2.2.3 Tuatara emergence and nesting behaviours as captured by trail cameras 
 
Between 9 and 16 October 2017, I set up nine time-lapse night-vision (PIR) trail cameras 
(four Bushnell Trophy Cam HD 119837C, two UO Vision, and three Reconyx F2X HYPERFIRE 
2) throughout the tuatara release site (Appendix 1). Four cameras were set up to observe 
dug-over plot pairs (see section 2.4) to capture any signs of nesting behaviour in these sites. 
The other five cameras were set up in areas where we had regularly seen tuatara activity at 
night, including a gravel pile and along the fenceline. I used a combination of time-lapse and 
motion-sensor settings to capture tuatara behaviour with these cameras. The cameras were 
set up to take pictures 24 h a day, at 5-min intervals. The motion-sensor setting was also set 
at the highest sensitivity, with a 15 s stand-down period. It must be noted, however, that 
the motion sensor settings are not successful at detecting tuatara, due to the closeness in 
temperature of the tuatara and the environment. Camera batteries were replaced, and 
photos were downloaded at 2-wk intervals throughout the fieldwork season. From these 
cameras I obtained ~400,000 photos, with 143,864 of these being night photos. I 
experienced various problems with the cameras over the season, including camera and 
memory card faults, weather disruptions, failure of time-lapse and self-resetting of cameras. 
Due to these issues, I was unable to obtain a complete timeline of photos across all cameras 
and all nights.  
I recorded the photo details in a spreadsheet: the image name, date, time, capture mode 
(time lapse or motion sense), location, camera number and whether there was a tuatara in 
the photo (yes/no). If there was a tuatara in the photo, I also filled out columns for the  
number of tuatara detected in a single image, sex, individual identification (when possible), 
whether they were engaged in possible nesting behaviour, nest digging or nest guarding 
(yes/no) and whether their crest was fully erect, partially erect or not erect. Signs of nesting 
behaviour I was looking for included: scrapes in the soil, diggings, excavated tunnels, 
completed nests, nest-guarding females, aggression between females, and sudden weight 
loss or crest erection in females. I also recorded nesting behaviour when a female was 
photographed close to known nests and/or digging sites. Often it was clearly identifiable 
that a female had been digging as movement of earth was noticeable between photos. I did 
all the photo analysis and data recording to ensure accuracy and consistency.  
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At the beginning of my photo analysis, I searched through both the day and night photos, as 
tuatara are known to sometimes emerge from their burrows during the day, especially while 
nesting (Cree 2014). This proved very time-consuming, and as no tuatara were seen during 
the day, I restricted my analysis to photos taken during the night when tuatara are more 
likely to be active. As the data extraction from the photos was quite time-consuming, I 
explored the use of software to help me analyse the pictures more rapidly. However, I found 
this to have more problems associated with it than manual analysis, including loss of data 
and the possibility of missing information, so I completed all photo-processing manually. 
Environmental data including air temperature and relative humidity were obtained from 
Dons Creek weather station (<1 km from Ōrokonui). This weather station is privately owned 
and I was given access to the data by the owner.  
Data processing and analysis were conducted in R Studio version 1.0.153 (R Development 
Core Team, 2016). In order to understand how tuatara activity levels were influenced by 
temperature and humidity, a binomial Generalised Linear Mixed Effects Model (GLMM) was 
used, using lme4 package (version 1.1-19). The response was binomial, number of photos 
with tuatara and number of photos without tuatara with presence being a binomial 
response. The predictor variables were temperature and humidity. This GLMM also 
accounted for possible biases by including location and camera number as random effects. 
In order to understand how emergence of tuatara varied across the active season, a linear 
mixed-effects model was conducted on the time difference between earliest image of a 
tuatara and the relative sunset time for that night. For each camera on each night, I 
calculated emergence time as the time of the first image of a tuatara relative to sunset on 
that particular night (measured in minutes). The predictor variables were date, temperature 
and humidity. This model accounted for location as a random effect.  
 
2.3 Observations of natural nests and nest temperatures  
 
During the nesting seasons in November-December 2017 and November-December 2018, I 
carried out daytime searches of the fenceline, gravel pile (Figure 2.1) and the dug-over plots 
(section 2.4) once a week. Through these, I was able to identify and partially excavate two 
nests in the area of tuatara activity in 2018. When excavating the nests, I recorded the 
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location, tunnel length (i.e. the depth the female would have dug into the soil) and vertical 
depth (topmost egg to soil surface) of nest, colour and condition of eggs observed, the 
soil/substrate type and which female was known or suspected to have laid the nest. I placed 
two temperature data loggers (one Thermochron iButton DS1921G#F50 and one HOBO 
Pendant® Temperature/Light 64K Data Logger), wrapped in parafilm to minimise moisture 
entry, in each nest site, at a depth equal to the eggs, with the intention of using this 
information to make a prediction on incubation time and sex ratio. Temperatures were 
recorded at 60-min intervals with a resolution of ± 0.5°C. The ibuttons in the fenceline nest 
were retrieved and replaced every 3 months until November 2018. During each excavation 
photos were taken by Alison Cree of the internal nest and eggs. In the 2019 nesting season, I 
identified an area where I suspect nesting took place; however, I chose not to investigate 
further due to the risk it may have posed to the eggs. 
In the results I present all the details regarding the discovery and observation of these nests, 
due to their notability as the first discovered natural nests of females that have undergone 
the full ovarian cycle at Ōrokonui.  
2.4 Effect of soil manipulation on female nesting behaviour  
 
In mid-October 2017, I removed the vegetation on 12 pairs of 1 m2 plots of land. I then dug-
over the soil in one plot of each pair, as a manipulation experiment to encourage nesting 
and to assess whether nesting tuatara would favour the loosened soil over more compact 
and solid soil. These plots were scattered semi-randomly over the rank grass area in groups 
of two (one dug with one un-dug). They were situated in an area of rank grass where natural 
tuatara burrows are known to be and where tuatara are regularly seen and captured. On 
both types of plots the surface vegetation was trimmed or fully removed using a hoe to 
create clearly defined 1 m2 plots. The ‘dug’ plots were dug over with a spade to a depth of 
~15 cm. These plots were left in place and maintained (with continued removal of 
vegetation and digging of soil) through to April 2018. On four plots, cameras were set up on 
waratahs at a distance of 0.5 m from the plot, with the camera lens focused downwards 
onto the plots to capture any sign of tuatara nesting activity. Each of the 12 plots was 
regularly checked during day and night monitoring for any signs of tuatara nest-digging 
activity.  
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In October 2018, I re-established the soil plots in the same locations throughout the study 
area. I used these to perform the plot experiment over a second nesting season, to add to 
my results from the 2017 nesting season.  
    
Figure 2.2: (A) Plot pair #4 with dug (left) and un-dug (right) plots, and (B) Plot pair #1 with 
a dug (foreground) and un-dug (background) pair and a time-lapse camera set up. 
 
2.5 Comparison of soil temperatures between nesting areas and the dug-over plots 
 
On 14 December 2017, I inserted seven data loggers (Thermochron iButton DS1921G#F50) 
into separate dug-over plots, six into various spots in the gravel pile (in which one nest had 
been detected), and seven along the fenceline (under which one nest had been detected) to 
determine if there was a temperature difference that might be influencing the nesting 
behaviour seen. The ibuttons were placed ~5 cm below the substrate surface, in line with 
the average egg depth in the fenceline nest. Temperatures were recorded every 60 minutes 
with a resolution of ± 0.5°C. These data loggers were retrieved on 2 January 2018, giving a 3-
wk period of summer temperature data. This specific period was analysed, as I was 
interested in the potential temperature cues for nesting.  
To understand and perhaps explain the differences in nest site choices being made by 
females I compared the soil thermal regime between potential nesting sites. To do this, I 
averaged the temperature between the data loggers for each hour so that I had a 
temperature from each site that was the average of the multiple data loggers in that site 
type. For analysis I created a mean daily mean, mean daily maximum temperature and 
A B 
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mean daily minimum temperature for each site type. I conducted an ANOVA on the mean 
temperatures of each site type to determine the significance of any difference in 
temperature experienced by each site type.  
 
2.6 Attempt to gather nesting data from ZEALANDIA and Stephens Island populations  
 
To compare with my observations of tuatara behaviour and emergence at Ōrokonui, I 
attempted to obtain information on seasonal nesting times of tuatara at two more northerly 
locations: Stephens Island (the source population in Cook Strait) and ZEALANDIA (a 
translocated population at similar latitude). I distributed information sheets, with a request 
to collect the details I was looking for and my contact details (Appendix 5.3) to these sites. 
However, I did not obtain any information from these sources, so I will not be reporting on 
this further. Gathering this information was initially a major aim of this research, and due to 
not getting any information for it I added in the analysis of weather effects on nocturnal 
activity on trail cameras.  
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Chapter 3: Results 
 
3.1 Patterns in nocturnal emergence and activity 
 
In total the nine trail cameras captured 143,864 night-time photos between 9 November 
2017 – 30 April 2018. The cameras were deployed either side of these dates but few tuatara 
were spotted, so this period was determined to be the primary active season. Of these 
photos, 119,506 were clear and unobstructed photos where, had a tuatara been present in 
the frame, it could have been identified. Of the clear photos, 1615 (or 1.4%) contained a 
tuatara. At least one photo of a tuatara was captured at all locations where cameras were 
positioned. 
 
3.1.1 Nocturnal emergence of tuatara  
 
In the 2017 – 2018 active season, from a qualitative judgement there appears to be a 
fluctuation in the activity levels of the tuatara (Figure 3.1) captured by the trail cameras. To 
be captured in the photos, these tuatara would have emerged from their burrows. The 
closest known burrow to a camera is 2 m away and tuatara are known to travel up to 100 m 
across the study area. The pattern appears to show higher levels of activity between 
November and early December and then an increase in activity in the final three months of 
the season, from February through to the end of April.  
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Figure 3.1: Nocturnal activity of tuatara at Ōrokonui Ecosanctuary, as detected by trail 
cameras. Each data point represents one camera on one night, showing the percentage of 
the photos taken by that camera on that night that contained a tuatara. Each colour 
represents a specific camera location in the study area, over the period 9 November 2017 – 
30 April 2018 (n=9).  
 
A generalised linear mixed-effect model was used to examine tuatara emergence in relation 
to environmental conditions. This model showed a statistically significant relationship 
between both relative humidity and tuatara activity level (Coefficient = 1.4019, Z = 3.795, P 
< 0.001) (Figure 3.2) and between temperature and tuatara activity level (Coefficient = 
2.1540, Z = 5.252, P < 0.001) (Figure 3.3). The relationship between activity level and relative 
humidity appears linear, with activity levels increasing with relative humidity. The 
relationship between activity levels and temperature appears to have a more bell-shaped 
relationship, with activity levels increasing in the middle, and decreasing at higher and lower 
temperatures. Tuatara activity was seen at a low of 8.5°C and a high of 21.3°C. 
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Figure 3.2: Nocturnal activity of tuatara in relation to mean relative humidity. Each data 
point represents one camera on one night, showing the percentage of photos taken by that 
camera that had a tuatara in them, for the time period between 9 November 2017 and 30 
April 2018. Relative humidity was calculated as the nightly mean humidity taken every 5 min 
by Dons Creek weather station between 8pm and 6am (45°77’S, 170°58’E). Relative 
humidity had a significant positive effect on tuatara presence (p<0.001).  
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Figure 3.3: Nocturnal activity of tuatara in relation to mean air temperature. Each data 
point represents one camera on one night, showing the percentage of photos taken by that 
camera that had a tuatara in, for the time period between 9 November 2017 and 30 April 
2018. Air temperature was calculated as the nightly mean temperature taken every 5 
minutes by Dons Creek weather station between 8 pm and 6 am (45°77’S, 170°58’E). Air 
temperature had a significant effect on tuatara activity (p<0.001).  
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The earliest time of first tuatara appearance on camera was 29 min before sunset and the 
latest time of first appearance was 523 min after sunset. The mean difference between 
earliest appearance and sunset time for that night was 157.8 minutes.  A linear relationship 
was evident in the difference between sunset time and the earliest photo of a tuatara 
captured on a given night and the date (Figure 3.4). The difference in time between sunset 
and first capture of a tuatara increases throughout the active season (Coefficient = 0.547, Df 
= 1, P = 0.047). No significant relationship was found between earliest time of emergence 
and either temperature (Coefficient = -1.351, Df = 1, P = 0.766) or relative humidity 
(Coefficient = -1.714, Df = 1, P = 0.306).  
 
Figure 3.4: Earliest appearance of tuatara, presented as difference in minutes between 
earliest photo of tuatara on a night and time of sunset for that night, across the active 
season from 9 November 2017 to 30 April 2018. Appearance time and date showed a 
significant linear relationship (p= 0.047).  
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3.1.2 Timing of nesting behaviours 
 
All the nesting behaviours (including digging, oviposition and guarding) captured by trail 
cameras occurred between 15 November and 15 December over the 2017 nesting season 
(Figure 3.5).  
 
 
Figure 3.5: Dates of nesting behaviours (including exploratory nest digging, nest 
construction, oviposition and nest guarding) pictured by trail cameras over the time period 9 
November 2017 to 30 April 2018. Each data point represents one camera on one night, 
showing the percentage of photos taken by that camera that had a tuatara in carrying out 
nesting behaviours. Red lines indicate suspected dates of oviposition of two nests: A) gravel 
pile nest and B) fenceline nest. Data from Jan-April are not plotted, as no signs of nesting 
were seen in photos during this period.  
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3.1.3 Crest erection patterns 
 
From the trail cameras, no patterns can be seen regarding crest erection in male or female 
tuatara at Ōrokonui (Figure 3.6). A linear mixed effects model found no significant influence 
of date (Coefficient = 7.566e-04, Df = 1, P = 0.7231), temperature (Coefficient = 3.085e-02, 
Df = 1, p = 0.3041) or relative humidity (Coefficient = 2.044e-02, Df = 1, p = 0.0746) on crest 
erection. One outlier is apparent in February, when a male with an erect crest stayed in the 
vicinity of a trail camera for an entire night.  
 
Figure 3.6: Crest erection shown as percentage of tuatara captured in photos that had 
their crest erect over the active season between 9 November 2017 and 30 April 2018. This 
relationship did not show any significance (p=0.72).  
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3.2 Observations of natural nests constructed during the 2017 nesting season 
 
3.2.1 Fenceline nest (female K4) 
 
During night monitoring on 1 December 2017, a female (K4, identified from a passive 
integrated transponder (PIT)-tag) was found at the base of the fenceline, near a spot that 
showed signs of fresh digging (grass blades buried in freshly turned soil). I excavated the 
entrance further by pulling out the loose soil by hand; I identified an airspace chamber 
under the fenceline and at least three viable eggs. The eggs were very white, turgid and 
glistening, indicative of recent oviposition. The vertical depth (topmost egg to substrate 
surface) of the eggs was ~7 cm and the tunnel length was ~10 cm. After examination, the 
nest was reburied with loose soil.  
Female K4 was palpated and her abdomen felt empty, a further indication that she had 
recently oviposited. Her changes in body condition over the years since release and on a 
subsequent recapture in April 2018 are presented in Figure 3.7. This female was suspected 
of being gravid at release into Ōrokonui in 2012.  The low weight recorded on 1 December 
2017 and the subsequent gain of over 100 g over the 4-mo period after suspected 
oviposition are also indicators that she had oviposited around this date.  
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Figure 3.7: Changes in female K4’s body condition, presented as the standardised residuals 
from the relationship between log body mass and  log snout-vent length from 7 capture 
dates: 17 October 2012 (release date; K4 thought to be gravid at this time), 22 February 
2013, 18 January 2014, 2 November 2014, 7 January 2015, 1 December 2017 and 4 April 
2018.  Red data point indicates date K4 was found alongside a new nest.  
 
On 16 December 2017, the nest was re-excavated so that two iButton temperature data 
loggers and one HOBO pendant temperature logger could be placed next to the eggs (Figure 
3.9). The nest was covered, with care made to keep the air chamber intact. The nest 
entrance was again excavated on 28 May 2018 to replace data loggers (Figure 3.10). Three 
eggs appearing viable were again sighted. The nest was reburied with loose soil after 
examination.  
During ongoing monitoring of the fenceline nest, it was a concern that kiwi (Apteryx 
australis), which are strongly suspected to predate upon tuatara eggs (Alison Cree Pers. 
comm.), would interfere with the nest. To minimise this risk a wire mesh flap was set up on 
20 September 2018, with the help of the Ōrokonui conservation manager, covering the 
entrance to the nest site. This covering (Figure 3.11) allowed light and water to reach the 
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nest, whilst restricting kiwi from probing in the area. During this visit I again downloaded 
and replaced the data loggers.  
On 30 November 2018, it was observed that an animal, probably a tuatara, had dug into the 
entrance of the nest. The data loggers had been pushed out; however, the eggs were still in 
place. I retrieved the data loggers and recovered the eggs, which seemed turgid and viable. 
As of the last check in March, the eggs are still incubating and will continue to be monitored 
by the tuatara research group. Mean daily temperatures taken from the dataloggers show 
the temperatures experienced in the nest for most of the period between 16 December 
2017 and 30 November 2018 (Figure 3.8).  This pattern shows a brief warm period during 
the summer, where temperatures are above the pivotal temperature for TSD in tuatara, 
while from the end of April temperatures drop dramatically and remain below 15° until the 
start of November, when temperatures start to rise again but remain below the pivotal 
temperature line.  
 
Figure 3.8: Daily mean, maximum and minimum temperatures experienced in the nest 
constructed under the fenceline by female K4 during 2017. Temperatures are recorded 
hourly by iButtons. The gap in data is due to equipment failure. The horizontal green line 
indicates the pivotal temperature for TSD in tuatara (22°C) (Mitchell et al., 2006).  
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Figure 3.9: Excavation of the K4 fenceline nest showing at least three viable eggs. Photo 
taken by Alison Cree 16 December 2018, approximately 16 days after oviposition. The eggs 
were re-covered with loose soil after the photo was taken.  
 
Figure 3.10: The fenceline nest (of K4) showing HOBO and iButton data loggers and a 
glimpse of three apparently viable eggs beyond. Photo taken by Alison Cree 28 May 2018 
during excavation to replace data loggers. Nest entrance was refilled with loose soil after 
the photo was taken.  
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Figure 3.11: Wire mesh placed over the fenceline nest (of K4) to protect the nest from 
kiwi. Wire mesh prevents probing by kiwi, whilst still allowing sunlight and rainfall to reach 
the nest site. Photo taken by Alison Cree 20 September 2018.  
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3.2.2 Gravel-pile nest (female R1) 
 
The camera that was set up on the gravel pile captured all three major stages of tuatara 
nesting behaviour (nest digging, oviposition and nest guarding) from a female tuatara (Table 
3.1). This female was identified as R1 (from pen-marking on her flanks). R1 was captured on 
1 December 2017 and her changes in body condition over the years since release and on a 
subsequent recapture in January 2018 are presented in Figure 3.17. Female R1 returned 
almost nightly to the site over an 8-day period (18-26 November 2017; Table 3.1). Digging 
was identifiable during this period as R1 moved in and out of the nest site and gravel was 
noticeably moved around between photos, with activity concentrated in one spot on the 
gravel pile (Figures 3.12 and 3.13). Photos from the trail camera also captured the night, 26 
November, when oviposition is suspected to have occurred (Figure 3.14). Over the following 
9-day period from 29 November to 7 December 2017, R1 returned to the site nightly (Table 
3.1). The female moved around the surface of the gravel pile during these nights and no 
digging or movement of substrate occurred during this period (Figure 3.15).  
 
Figure 3.12: Female R1, identifiable from pen marking on flank, during a night of nest 
digging in the gravel pile. Photo taken by Reconyx trail camera on 21 November 2017 at 
21:15.   
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Figure 3.13: Female R1, identifiable from pen marking on flank, during a night of nest 
digging in the gravel pile. Photo taken by Reconyx trail camera on 22 November 2017 at 
00:05.  
Figure 3.14: Female R1 at the entrance to her nest site on the night that I suspect 
oviposition occurred. Photo taken by Reconyx trail camera on 26 November 2017 at 23:35.  
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Figure 3.15: R1, identifiable from pen marking on flank, during a night of nest guarding. R1 
had been returning to this site over the 10 days since oviposition, presumably to guard the 
nest from intrusion by other females. Photo taken by Reconyx trail camera on 6 December 
2017 at 23:35. Note white mark on nose made by tuatara research group on 1 December 
2017. 
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Table 3.1: Timeline of behaviours carried out by R1 during construction of her nest in the 
gravel pile.  
 
 
 
Date Inferred status Comments 
18 November 2017 Digging Between 21:05 and 21:30 female appears to dig briefly 
19 - 20 November 
2017 
Digging Between 21:10 and 01:00 female identified moving in and 
out of nest site with soil and gravel noticeably moving 
21 – 22 November 
2017 
Digging Between 21:15 and 03:05 Can see female moving in and 
out of nest site with gravel movement between photos 
where no tuatara are apparent – may signify female inside 
nest digging 
23 November 2017 Digging At 21:35 female R1 on gravel pile with very erect crest 
26 November 2017 Digging Female seen on nest site at 04:00 to 04:25. In daylight new 
digging hole can be clearly seen where female was in the 
night 
26 – 27 November 
2017 
Suspected 
night of 
oviposition 
Female R1 seen moving in/out and around site of nest 
diggings 
28 – 29 November 
2017 
Nest guarding  Female R1 with erect crest seen sitting in various spots 
around gravel pile, most often on top of nest site 
1 December 2017 Nest guarding Female sitting on top of nest site 
4 December 2017 Nest guarding  Female with erect crest on gravel pile. Unable to confirm 
that it is female R1 
6 December 2017 Nest guarding Female R1 on gravel pile with erect crest.  
7 December 2017 Nest guarding  Female R1 with erect crest sitting next to nest site  
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During the day of 9 December 2017, I partially excavated the entrance to where I believed 
R1’s nest to be located (Figure 3.16). I discovered what appeared to be two viable eggs and 
one non-viable egg. The viable eggs had a glistening white appearance and felt turgid to the 
touch. The remaining egg had already partially collapsed and had an uneven colour – a dried 
chalky colour with some yellow patches. This egg’s appearance indicated that it was non-
viable.  
The nest entrance was ~80 cm and the vertical depth to the eggs was about 25 cm, some of 
which was an air chamber (3-4 cm). I chose not to excavate the nest any further at this point 
because the gravel was prone to collapse. 
On 16 December 2017 I again excavated the nest entrance to install two iButton data 
loggers. I again attempted to re-open the nest entrance on 4 June 2018 to retrieve the data 
loggers. I was not able to relocate any eggs or the iButtons, and thus no data are available. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.16: The 
author pointing to 
indicate the location of 
the eggs within the 
gravel pile nest made 
by female R1. Photo 
taken by Alison Cree 16 
December 2017 after 
excavation of nest to 
install temperature 
data loggers. Nest 
tunnel was refilled after 
photo was taken 
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Figure 3.17: Female R1’s body condition, presented as the standardised residuals of body 
mass and SVL over time from 7 capture dates; 17 October 2012 (release date; R1 thought to 
be gravid at this time), 22 February 2013, 18 January 2014, 3 February 2016, 11 January 
2017, 1 December 2017 and 20 March 2018. Red data point indicates capture when she was 
thought to have recently oviposited (1 December 2017).  
 
3.2.3 Possibility of other nests constructed during the 2017 – 2018 season 
 
Digging was observed in other locations within the monitoring area between 18 November 
2017 and March 2018; however, further nests were unable to be located. Digging appeared 
intermittently in the gravel pile through to March 2018. One spot at the top of the 
sanctuary, where one female (G5) is known to have a home burrow, had a nest-like 
structure dug under the fenceline at the end of January 2018. None of this behaviour was 
caught on camera, and no nests were found in these sites.  
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3.3 Observations of nesting activity during the 2018 nesting season 
 
Clear signs of nesting activity were again observed during the 2018 nesting season. Once 
again, much of this activity occurred in the gravel pile. One trail camera was shifted from 
elsewhere and set up on the gravel pile to capture the activity. Based on the photos from 
the two cameras then trained on the gravel pile, I strongly suspect at least two females 
were nest-digging in the area. I investigated several sites in the gravel pile where I think nest 
digging had occurred, but did not locate any nests.  
One female digging in this location on trail camera footage was identified, from photos 
taken from release in 2012, as being K2. Female K2 was photographed digging a nest in the 
gravel pile, returning to the site almost every night over an 8-day period. Each night she 
continued digging the nest in front of the camera, going in and out of the site, with the 
gravel clearly moving and shifting in-between photos (Figures 3.18 and 3.19). I identified 
from trail cameras a site where I think female K2 had nested and attempted to excavate it; 
however, I chose not to proceed when gravel began to collapse, putting the nest 
environment at risk. 
The female activity in the gravel pile during the 2018 nesting season coincided with an 
increase in detection of kiwi in the area by trail cameras. This included kiwi probing into the 
ground very close to sites of suspected nests (Figures 3.20 and 3.21).   
Occasional signs of suspected nesting were seen toward the end of 2018 and into early 
2019. One spot at the top of the sanctuary had a nest-like hole dug under the fenceline in 
January 2019, similar to what was seen in that location at the start of 2018. Sporadic digging 
also occurred in the gravel pile through to February 2019. None of this behaviour was 
caught on camera, and no nests were found in these sites. 
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Figure 3.18: Female K2 pictured at the top of the location on the gravel pile where I 
believe she dug her nest, prior to suspected oviposition. Photo taken by Bushnell trail 
camera #1 on 7 November 2018 at 22:15. This female was identified as K2 due to the 
distinctive regeneration of her tail and her unique crest pattern. 
 
Figure 3.19: K2 pictured coming out of nest site by Bushnell camera #1 on 7 November 
2018 at 23:36, prior to suspected oviposition. K2 is identifiable here from unique crest 
pattern and clear presence in preceding and succeeding images.  
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Figure 3.20: A female tuatara at the top of the gravel pile. Photo sequence shows female 
K2 digging in that location. Photo taken by UO Vision trail camera #5 on 23 November 2018 
at 22:13.  
 
Figure 3.21: A kiwi probing in the gravel pile several days after female K2 had been 
photographed digging at the same site (see Figure 3.20). This photo was taken after the 
suspected oviposition date of female K2 Photo taken by UO Vision trail camera #5 on 27 
November 2018 at 01:06.  
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3.4 Incidence of nesting in soil manipulation experiment 
 
Signs of nesting (e.g. digging or nesting behaviour) were not detected on any of the dug-
over or control plots (n = 12) in either the 2017 or 2018 nesting seasons. From visual 
observations of each plot site during day and night monitoring, and photos from trail 
cameras set up on four plots, I recorded no nesting behaviour at these sites. 
 
3.5 Comparison of mean temperatures between gravel pile, fenceline and dug-over plots 
 
An ANOVA was conducted on the mean daily mean, mean daily maximum and mean daily 
minimum temperatures of each substrate type over the period between 14 December to 1 
January. At the same depth (5 cm below surface), substrate types varied significantly in 
temperature for daily mean (Df = 2, F = 7.805, P = 0.004), daily maximum (Df = 2, F = 34.08, P 
< 0.001) and daily minimum (Df = 2, F = 13.74, P = 0.003) (Figure 3.22). The gravel pile 
showed the highest mean daily mean and mean daily maximum temperatures, however it 
also had the lowest mean daily minimum temperatures, so it had the warmest and coldest 
temperatures. The fenceline had the lowest mean daily mean and mean daily maximum 
temperatures, however it was in the middle for mean daily minimum. The soil plots were in 
the middle for mean daily maximum temperatures but appeared similar to the soil plots for 
mean daily mean and mean daily minimum.  
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Figure 3.22: Mean daily-mean (A), mean daily-maximum (B) and mean daily-minimum (C) 
temperatures experienced between 14 December 2017 and 1 January 2018 in three 
substrate types; gravel pile, fenceline and dug-over soil plots. Differences among the sites 
were significant for mean (p<0.001), maximum (p<0.001) and minimum (p=0.004).  
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Chapter 4: Discussion 
 
This study has determined that tuatara at Ōrokonui have two main periods of high activity 
levels during the active season between November 2017 and April 2018; an increase in 
nocturnal emergence occurred in November and again between February – April. Nesting 
behaviours primarily occurred between mid-November and mid-December in 2017 and 
occurred in two locations types, under the sanctuary fenceline and in a gravel pile. No 
nesting behaviours were seen in the manipulated plots. I located and excavated two nests 
during the 2017-2018 active season and temperature records were obtained from the nest 
located under the fenceline. Thermal conditions experienced in three substrates types 
(fenceline, gravel pile and manipulated plots) were recorded over the month of January.  
 
4.1 Nocturnal activity of tuatara at Ōrokonui  
 
4.1.1 General patterns in nocturnal activity 
 
Based on photos obtained from trail cameras and presented in Section 3.1, the tuatara at 
Ōrokonui appear to have had two main periods of increased activity, as determined by the 
percentage of tuatara in camera trap data, during the October 2017 to April 2018 active 
season. The first increase in activity, over November and December, likely indicates the 
duration of the main nesting season, when gravid females are searching for and preparing 
nest sites for their eggs. This period of nesting activity is discussed further in section 4.2.  
A second, more sustained increase in activity levels at Ōrokonui occurred in late February 
through to the end of April. This period coincides with when courtship and mating 
behaviours are regularly observed on Stephens Island (Cree, 2014; Mitchell et al., 2008; 
Nelson et al., 2004a), and so it is likely that this increase in activity is reflective of these 
behaviours occurring at Ōrokonui as well. However, the trail cameras deployed in this study 
did not capture any specific courtship and mating activity, apart from occasional photos of 
individuals with erect crests, during this period. During night monitoring I observed males 
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with erect crests but did not see any other mating or reproductive behaviours. Therefore, it 
is not possible to say definitively that mating was occurring during this period. 
No significant pattern in crest erection was seen in the tuatara population across the active 
season of 9 November 2017 to 30 April 2018. Erection, or inflation, of the spiny crest is 
closely associated with courtship and aggression, displays that males make during the 
mating season, and is seen as a good predictor that courtship and mating are occurring 
(Cree, 2014; Gillingham et al., 1995). Males are known to compete for females and to 
defend their home ranges from other males during the courtship season and fighting 
between males is often observed over this period. Aggressive displays may include an 
approach to the intruder, lifting the body off the substrate, crest erection and inflation of 
the trunk and throat (gular) to increase appearance of body size (Gillingham et al., 1995). 
Much of tuatara fighting is done using the jaws, and as a result injury to the head is seen 
frequently in males, particularly in dense populations (Cree, 2014). Aggressive behaviours 
are seen in many reptiles during this period and are associated with an increase in blood 
testosterone levels (Eikenaar et al., 2012). It is possible that aggression and fighting 
occurred between males at Ōrokonui during this period, as they are known to live close to 
each other at this location; night searches often revealed males in close proximity to one 
another (pers. obs.). However, I did not observe any injuries indicative of aggressive 
behaviours in 2017, possibly due to the low density of the entire population at Ōrokonui in 
comparison to Stephens Island (Gaze, 2001).    
My research also showed a significant influence of date on the difference in minutes 
between sunset and the earliest image of a tuatara for that night, with the difference 
increasing across the active season. Although there was no significant relationship between 
night temperatures and this measure of emergence, this pattern could be explained by 
increasing day-time temperatures across the season. Heat captured by the tuatara could be 
maintained longer, allowing for later activity levels (Walls, 1983).  
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4.1.2 Influence of environmental conditions on nocturnal emergence 
 
Many studies have found temperature to be the most important factor influencing tuatara 
emergence and nocturnal activity (Newman et al., 1979; Walls, 1983). This is supported by 
the findings of this research, which showed that temperature had a significant positive 
influence on tuatara activity levels (measured as the proportion of images in which tuatara 
were detected) at Ōrokonui. The influence of temperature on activity levels is a common 
trait for reptiles (Heatwole & Taylor, 1987), however tuatara have been found to have an 
unusually low operative temperature, compared to many other reptile species (Thompson & 
Daugherty, 1998). This has likely evolved due to their presence in temperate environments. 
Tuatara were seen in my trail camera photos at temperatures as low as 8.3°C, as recorded 
by a weather station near to the study site. Previous research has found that tuatara are still 
capable of slow movement at 4.5°C, while they are still able to right themselves but are 
unable to crawl at 3.5°C (Stebbins, 1958). Tuatara activity in relation to weather variables 
has been found to be consistent throughout the year in previous studies, indicating that 
they experience no hibernation or periods of physiological dormancy (Walls, 1983).   
My study has also shown that humidity has a significantly positive effect on tuatara 
emergence at Ōrokonui. This is consistent with a previous study from Stephens Island that 
reported on environmental conditions affecting tuatara emergence; research has shown 
that tuatara favour nights with high levels of moisture in the air (Walls, 1983). Moisture is an 
important factor for the survival of reptiles; if conditions are too dry, reptiles are known to 
remain in their burrows due to the risk of catastrophic moisture loss, which can be life 
threatening (Heatwole & Taylor, 1987; Shine, 2005; Ultsch, 1989) . Emergence of many 
invertebrate species, an important food source for tuatara, also appears to be correlated 
with moisture levels, which would further explain increased tuatara emergence on nights 
with higher humidity (Walls, 1983). Personal observations I made during the study seasons 
noted that tuatara capture rates were lower on nights where the abundance of 
invertebrates, such as moths, was low at Ōrokonui. 
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4.2 Tuatara reproduction at Ōrokonui  
 
4.2.1 Duration of nesting season 
 
The trail cameras captured signs of nesting behaviours, including digging, oviposition and 
nest guarding, at Ōrokonui between mid-November and mid-December in both 2017 and 
2018. My study has demonstrated a clear overlap in the timing of nesting behaviours with 
what is regularly observed in more northern populations, including Stephens Island. 
Previous studies have found that Stephens Island tuatara exhibit nesting behaviours 
primarily throughout November, but sometimes through to mid-December (Cree, 2014; 
Nelson et al., 2004a; Nelson et al., 2004b); however, this can vary based on temperature 
conditions in the months leading up to the nesting season, with higher spring temperatures 
triggering earlier oviposition (Nelson et al., 2018). Dunedin temperatures in 2017 were 
+0.5°C above previous yearly averages, with an annual mean of 11.7°C. Nelson, in 
Marlborough, experienced an average of 13.7°C in 2017 (NIWA, 2018). Dunedin therefore 
was quite close to Marlborough in temperature conditions. Temperatures in Otago were 
above average between September and December 2017 (NIWA, 2018), which may explain 
why nesting behaviours occurred at a similar time to known nesting patterns on Stephens 
Island. It is possible that the tuatara in Ōrokonui nested earlier in 2017 than they might 
otherwise, as a result of these warmer than average temperatures. Flexibility in nesting 
behaviours according to environmental conditions is seen in many reptiles. A notable 
example is the painted turtle, which is known to have delayed nesting in the warmer 
climates of their range (Frye et al., 2017), which implies an inverse relationship between 
temperature and nesting.   
In addition to images captured by the trail cameras, I also observed some signs of nesting 
behaviour later in the season. Occasional signs of potential nest digging were seen in the 
gravel pile and in one fenceline spot beyond December 2017, through to March 2018 and 
beyond December 2018, through to February 2019. This activity was not captured by trail 
cameras but based on these signs I think it is likely that there was at least one more female 
that was still carrying out nesting behaviours in early 2018 and another in early 2019. If this 
is the case, then this suggests a more protracted nesting season at Ōrokonui than what has 
been recorded on Stephens Island. 
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4.2.1 Nesting behaviours 
 
The nesting activity captured in both 2017 and 2018 included exploratory digging, nest 
digging, suspected oviposition and nest guarding. This is the first instance to my knowledge 
where the entire sequence of tuatara nesting behaviours (digging, oviposition and guarding) 
from a single female has been captured by a trail camera. Most of this behaviour is from the 
two females that are known to have nested, especially female R1. However, it is likely that 
more females were nesting during this period, based on the photos I have of unidentified 
females exhibiting nesting behaviours, particularly exploratory digging. It is possible that 
there was at least one more nest constructed during the 2017 season due to continued 
signs of nest digging I was seeing in trail camera photos and during day monitoring, even 
after identifying the two known nests.  
Not all nesting female tuatara exhibit nest-guarding behaviours. Nest-guarding behaviour 
was observed for female R1 in 2017, who was photographed returning to her nest site for 
up to 10 days following oviposition, and for K2 in 2018, who was photographed returning to 
her nest site for up to 4 days following suspected oviposition. It has been suggested that 
female tuatara use activity levels around them to assess whether guarding their nests is 
necessary (Refsnider et al., 2009). The high level of exploratory digging in the gravel pile, 
indicating its preference as a nest site, may give an explanation as to why R1 and K2 
returned to the site after oviposition.  
Female K4 was not observed returning to her fenceline nest site in the period immediately 
following oviposition in 2017. The most simple explanation is that, as this female has a 
home burrow close to this nest site (as established during burrowscoping), her appearance 
in images at this location is just coincidence as she has increased activity levels. However, K4 
was frequently in the area around her nest site during the nesting period over November 
and December of 2018. Tuatara are not known to exhibit any parental care following 
hatching of eggs (Cree, 2014; Refsnider et al., 2009), so it is considered unlikely that K4 had 
returned to aid her offspring. However, females of some varanid species return to their nest 
site ~8 mo after oviposition to re-dig their nests and aid in the emergence of hatchlings 
(Carter, 1999), so it should not be ruled out as a possible explanation for these observations. 
Alternatively, a large increase in weight was observed between oviposition on 1 December 
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2017 and her capture on 4 April 2018, so it could be possible that she may have been gravid 
again in the 2018 nesting season. However, despite flexibility in nesting frequency between 
individuals, yearly nesting has not been observed in wild tuatara (Blanchard, 2002). Another 
possibility is that K4 had returned to guard her nest site against intrusion from other 
females during the nesting season. However, as nest guarding is a rare behaviour (which she 
did not display immediately after oviposition in 2017), this also seems unlikely.  
 
4.2.2 Nest site selection 
 
The nest site selection made by the tuatara at Ōrokonui centred around two areas; a gravel 
pile and the base of the fenceline. Tuatara are known to select nest sites in locations that 
provide the necessary thermal and water conditions for developmental success and survival 
of hatchlings (Cree, 2014; Mitchell et al., 2013; Nelson et al., 2018). It therefore is expected 
that these sites were chosen because they presented suitable environmental conditions for 
incubation.  
Comparison of temperatures between these sites and the dug-over plots from my 
manipulative experiment show that the gravel pile experienced significantly higher 
temperatures (at the same depth) than under the fenceline and in the dug-over soil plots. 
This could explain why the females were attracted to this site, as warm nest temperatures 
are important for hatchling survival and development and females are known to search for 
warm sites to lay their eggs (Refsnider et al., 2010). However, the gravel pile also 
experienced colder temperatures than the other two sites, and the nest found was at a 
greater depth that where I measured these temperatures.  
Surprisingly, the base of the fenceline experienced cooler temperatures than the dug-over 
soil plots, implying that there may be another factor influencing the attraction of females to 
the site. Because the tuatara population at Ōrokonui is relatively new (introduced in 2012), 
there is no recent history of nesting rookeries at the site, and the soil in the rank-grass study 
area appeared to be quite densely packed, making it hard for tuatara to dig nest sites. It is 
possible the soil at the base of the fenceline had been loosened during the construction of 
the sanctuary fenceline, which could explain the females’ preference for that area.  
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4.2.3 No nesting found in soil plot experiments 
 
During this study I observed no sign of nesting activity in any of the 12 pairs of soil plots. I 
conclude, therefore, that nesting females were not attracted to these plots as potential nest 
sites and that no nests were constructed in them in either year. It is known from Stephens 
Island that tuatara can show high fidelity to nesting rookeries (Refsnider et al., 2009, 2010, 
2013). Females often use the sites over many years, in such specific areas that they 
sometimes push out still-incubating eggs from the previous season. I inferred that this may 
mean the soils in these rookeries are more lightly packed, due to their regular use as nest 
sites (Refsnider et al., 2010). I therefore hypothesised that at Ōrokonui, where the tuatara 
population is relatively new and lacks established rookery sites, tuatara would be attracted 
to sites with looser soil, as it would more closely resemble such areas from Stephens Island.  
During visual observations of the study area during the nesting season of 2018, when 
conditions were unseasonably wet, I noticed that much of the area of rank grass where I 
established the plot experiment had become waterlogged. The manipulated plots had 
puddles of water on them and remained that way for an extended amount of time, 
indicating that the area has poor drainage. Although water is essential to survival of tuatara 
eggs, drainage is very important as this water around a nest could result in egg failure 
(Besson et al., 2012; Thompson et al., 1996). It is possible that females are aware of the 
poor drainage of these areas, and this may explain why they avoided using the soil plots as 
nest sites.  
 
4.2.4 Suitability of nest sites 
 
Before any translocation can occur, there needs to be an assessment of the availability of 
suitable habitats in the new location. These assessments, however, cannot guarantee 
knowledge of how the animal will respond in real life to their new environment. Assessment 
of habitat quality at Ōrokonui, including extensive studies of potential nest sites, predicted 
Ōrokonui to be a suitable site for reintroduction of tuatara (Besson et al., 2012; Jarvie et al., 
2014). However, as this study has shown, the tuatara are not constructing their nests in the 
suitable sites found by Besson and colleagues (2012). The only nests so-far observed have 
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been constructed in areas which may pose problems to the management of the sanctuary 
and survival of the eggs. This highlights our inability to fully understand how a group of 
animals will respond to translocation.  
One tuatara is known to have nested under the fenceline (Section 4.2.2). While this may be 
a suitable site for the tuatara, it poses a problem for the management of the population. 
The integrity of the predator-exclusion fence is of utmost importance to the success of the 
sanctuary to protect native species. Tuatara are known to dig nests with tunnels up to one 
metre in length; the mesh-wire ‘skirt’ of the fence extends 30 cm from the base of the 
sanctuary fence. If a female was to dig a long nest, this would cause problems for the 
hatchlings and the fence. The nest could destabilise the fence and enable mammalian 
predators to dig under the fence into the sanctuary. This also poses a problem, as the 
hatchlings could potentially excavate their way out of the nest upwards, in which case they 
would be outside of the sanctuary and exposed to predators.  
The one known and one suspected nest in the gravel pile may also be in an unsuitable 
habitat. The gravel pile experienced the coldest temperatures in comparison to the 
fenceline and the soil plots; however, these temperatures were recorded at a much 
shallower depth than where nests were constructed. Tuatara egg incubation is very 
sensitive to temperature; lab experiments have found constant incubation temperatures of 
15°C and below will result in egg failure as they fail to hatch (Thompson, 1990). This could 
indicate that the gravel pile nest may not be successful in the development of embryos. 
However, successful natural nests have been found to experience temperature ranges 
between 1.6°C to 38.4°C (Nelson et al., 2004b). Development halts during cold periods and 
the warmer periods experienced by this nest could result in more rapid development.  
4.2.5 Implications of temperatures experienced by K4 nest 
 
The data loggers inserted into the fenceline nest showed that the eggs in that nest were 
exposed to temperatures below 20°C throughout the winter of 2018. Tuatara have a pivotal 
temperature of 22°C where an even 1:1 sex ratio will be created, and a transitional range of 
temperatures (TRT) of 1.1°C. Above 22°C, the sex ratio will skew towards males and below 
22°C it will skew towards females. Although sex-determination is dependent on when the 
TSP occurs, much of the incubation period of the fenceline nest has been below this pivotal 
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temperature. Based on these results, I am predicting that the clutch will be most, if not all, 
female. Having nests of all or mainly females across the population would pose a problem 
for the long-term viability of the population. However, there is typically variation in the sex-
ratios produced by nests across years, and a skew towards females may be a normal 
occurrence, further research on this population would be necessary. 
It is known from many studies on tuatara reproduction and physiology that the incubation 
time of a clutch is largely dependent on the environmental conditions it experiences; colder 
temperatures create a longer incubation time as development occurs more slowly 
(Deeming, 2004; Moffat, 1985; Thompson, 1990). On Stephens Island this typically ranges 
between 12 and 16 months (Cree, 2014). Based on the cold incubation temperatures 
experienced by the fenceline nest, if the eggs do survive, I am expecting to see an 
incubation time of at least 16 months, but possibly close to 2 years. If this occurs, it would 
be the longest incubation period known for any reptile species (Norris & Lopez, 2011).  
4.4 Risks and recommendations for management of tuatara populations  
 
4.4.1 Risks for nests constructed underneath the fenceline 
 
Nest construction underneath the fenceline poses clear management problems for the 
sanctuary. The base of the fenceline has a skirt that spreads 30 cm out from the sanctuary, 
to prevent mammalian pests from digging under the fenceline to get into the sanctuary. 
Although female K4 did not dig this far to construct her nest, nest tunnels up to 900 mm 
long have been found on Stephens Island (Cree, 2014). It is currently unknown whether 
there is an innate directional response in juveniles after hatching, but if the hatchlings from 
the fenceline K4 nest were to dig upwards, they will meet with the fence skirt, and if they 
were to dig outwards, they may emerge outside the fence. It is possible that they will use 
the easiest path to escape the nest, meaning that they should dig horizontally back into the 
sanctuary, since the soil is the loosest along the tunnel that the female dug. There is clearly 
some aspect of the fenceline that is attractive to nesting females and there needs to be a 
plan in place to protect the fence and the population, whilst providing these females 
adequate locations to nest in.   
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4.4.2 Risks for nests constructed in the gravel pile 
 
The eggs in the gravel pile also face problems due to the environmental conditions 
experienced by this nest site. Females may have chosen this site due to the fact that it 
experiences higher temperatures than the other potential nesting sites in the area, or 
because it may have better drainage (Refsnider et al., 2010). However, it also experienced 
lower temperatures than the other substrate types. The fate of the hatchlings from this site 
is therefore an important factor to consider. For the eggs in the gravel pile, it is uncertain 
whether the eggs will have survived the 2018 winter, as the temperatures over the summer 
were known to drop down below 10°C (below the 15°C required to maintain 
embryogenesis), which, if taken as a predictor of winter conditions, indicates very low 
temperatures within the gravel pile. Tuatara eggs have been found to have some level of 
resistance to short-term temperature drops, with one study finding eggs to have survived 
thermal conditions as low as 1.6°C (Nelson et al., 2018). However, the duration of time eggs 
may survive at these low temperatures is unknown.  
  
4.4.3 Implications of global climate warming on tuatara 
 
As a result of global warming, the soil temperatures throughout New Zealand are currently 
rising (Mullan, 2018), which, for the tuatara at Ōrokonui may be beneficial. With increasing 
incubation temperatures, tuatara populations would be expected to skew towards males. 
However, if this population is starting off with a female-skewed sex ratio, as predicted by 
this study, climate warming may serve to balance this ratio out, a rare positive outlook of 
the potential impacts of climate change. However, if it warms beyond the pivotal point of 
TSD, it may skew the sex ratio to a male bias. This could be worse for the persistence of the 
population than a female bias, as fewer males are needed to reproduce to sustain the 
population.  
It is still largely unknown what behavioural reaction reptiles will have toward global climate 
change. It is a possibility that they will change their behaviours to find sites that will cater to 
providing as even a sex ratio as possible, but it is not understood. One study found that 
tuatara did not have any behavioural response to thermal cues in regard to nest depth 
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(Nelson et al., 2018). This suggests that female tuatara will not alter nest depth deliberately 
to manipulate sex ratios in reaction to global warming (Nelson et al., 2018). However, this 
study found that the physical characteristics of the nest sites chosen did vary, and that the 
eggs experienced different temperature regimes as a result, causing variation in predicted 
sex ratios.  
4.4.4 Management solutions for nesting sites 
 
As discussed in section 4.2.3, the sites chosen by the two nesting females in 2017 and one 
nesting female in 2018 pose clear management problems for the sanctuary. We know from 
previous research prior to the translocation of the tuatara, that the tuatara release area 
could have the temperatures to create an even sex ratio (Besson et al., 2012), however my 
research shows that over the 2017 and 2018 nesting season, the females did not choose 
these sites. If my predictions are correct as to the sex ratio of the fenceline and gravel pile 
clutches, and if females continue to nest in these sites in subsequent years, we may expect 
to see a gradual female skew in the sex ratio of the entire population.  
I suggest that the sanctuary develops a soil structure in the tuatara area that, as close as 
possible, replicates the conditions at the base of the fenceline and the gravel pile. This 
should include mimicking the substrate type, depth, drainage and angle with the sun, as 
these all are thought to influence female choice of nest site (Nelson et al., 2018; Refsnider 
et al., 2010). I also recommend a mesh fence around this area, which would have entrances 
at the bottom to allow tuatara in but would keep predatory kiwi away (see Section 4.5). If 
this structure was successful in attracting nesting females, it would be a good opportunity 
for setting up trail cameras that could potentially capture more nesting behaviours and 
perhaps the first recorded hatching of juvenile tuatara at Ōrokonui. After this is constructed 
to attract nesting females, I recommend that a fence-skirt, identical to that which spreads 
outwards from the sanctuary, should be added to the inside of the fence over this area of 
the sanctuary. This would prevent nesting females from constructing their nests under the 
fenceline and potentially compromising the integrity of the fence.  
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4.5 Interactions between tuatara and kiwi at Ōrokonui  
 
Due to the population decline and restriction of native species in New Zealand, many 
species that would have once interacted on a frequent and natural basis have been 
separated due to severe fragmentation in their habitats. Researchers therefore have limited 
understanding of what form these interactions may have taken. Two species that are now 
experiencing secondary contact on the mainland, after being separated for over 300 years, 
are tuatara and several species of kiwi (Mitchell et al., 2010; Ramstad et al., 2013). 
The kiwi present at Ōrokonui, Haast tokoeka (Apteryx australis ‘Haast’), is a rare species 
naturally confined to the Haast region of the Southern Alps of New Zealand (Germano et al., 
2018; White et al., 2018). Their establishment at Ōrokonui is an exciting phase in the 
restoration of our native fauna as we see them co-exist with tuatara for the first time in 
hundreds of years. Haast tokoeka have been strongly suspected of predating upon tuatara 
eggs and hatchlings (Cree, 2014). Previous observations at Ōrokonui have recorded nests 
suspected to have been interfered with by Haast tokoeka, with evidence of removed eggs 
with puncture marks being found next to the nest sites (Jarvie et al., 2015). During late 
winter in 2018, a tuatara eggshell was found on the surface of the gravel pile by the 
Conservation Manager Elton Smith. The egg had a clear puncture mark that would likely 
have been caused by a kiwi beak and the way the shell was broken was not consistent with 
other causes of nest and egg failure (Alison Cree pers. comm.). Additionally, the fact that it 
had been pulled from within the nest to the surface indicates kiwi involvement. The high 
level of Haast tokoeka activity in the gravel pile seen over my study, including photos of kiwi 
probing in suspected nest sites, observed during the 2018 nesting season further supports 
the possibility that Haast tokoeka may predate on tuatara eggs.  
Recent observations from predator-free islands and sanctuaries have noted further 
interesting tuatara and kiwi interactions in their reintroduced populations. A camera set up 
at ZEALANDIA between 2011 and 2013 captured aggressive behaviours between a male 
tuatara and a male little spotted kiwi (kiwi pukupuku, Apteryx owenii) that had been sharing 
a burrow site (Taylor et al., 2019). Interaction between kiwi and tuatara is unsurprising given 
that they are both nocturnal and insectivorous species, so their niches overlap (Cree, 2014; 
Kitchin et al., 2017). Tuatara are known on Stephens Island to share burrows with some 
66 
 
species of sea bird, notably fairy prions (titi wainui, Pachyptila turtur). These interactions 
can be aggressive on occasion, with tuatara known to occasionally predate upon fairy prion 
chicks (Gaze, 2001). There have been no observations of tuatara predating on kiwi chicks on 
any island or sanctuary. However, as they are opportunistic predators, it is possible that 
tuatara could predate upon a chick. As the population densities of both species rise and 
their paths continue to cross, we may expect to see more aggressive interactions as 
competition for burrows and resources increases. 
4.6 Future of tuatara translocations in New Zealand 
 
With a growing focus on conservation and environmental protection in New Zealand, it is 
likely that further translocations of tuatara into their former ranges will occur in the future. 
As offshore islands and mainland ecosanctuaries achieve success in pest eradication, they 
are likely to be the sites of these future reintroductions (Blanchard, 2002; Cree & Butler, 
1993; Gaze, 2001). The New Zealand Government currently has its sights set on a ‘Predator 
Free 2050’, aiming for removal of three major predator species: rats, stoats and possums. If 
Predator Free 2050 is successful, it could be possible that future conservationists may look 
toward tuatara being reintroduced straight into the wild on the mainland. There would, 
however, still be the presence of other pests including feral cats, dogs and pigs, all of which 
would pose a threat to tuatara and their habitat. If the presence and effects of these 
predators are not mitigated, it may be impossible to have tuatara return to the mainland. 
For any of these translocations to be successful, it is crucial that we understand not only the 
biology and life-history of the animals in established populations, but that we have studied 
how new populations may react when introduced into a new, albeit former, range. The 
reactions of animals to new environments, whether they be a part of a former range or not, 
are complicated and highly variable (Armstrong and Seddon, 2007). It is important that we 
closely study and monitor all these early translocations for the sake of the success of future 
translocations. My study has been the first to directly address the reproductive behaviours 
of a tuatara population reintroduced to the South Island. The results have shown the 
complexity of nest site choices and how these must be addressed for the success of the 
translocated population. I hope the management recommendations outlined in Section 
4.4.4 are applied not only at Ōrokonui, but at all future reintroduction sites.  
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4.7 Use of motion-sensor camera traps to study tuatara activity 
 
Studying animal behaviour in the wild is a difficult endeavour. For my research I used trail 
cameras to capture many aspects of tuatara emergence and behaviour that I was unable to 
obtain solely through night monitoring, and for this they were an invaluable tool. These 
cameras had two settings that I enabled for my research: time-lapse and motion sensor. The 
time-lapse photos, taken every 5 min, provided most of the data from these cameras; the 
tuatara, being a slow-moving ectothermic reptile, very rarely set off the motion sensors. I do 
think the effectiveness of the trail cameras in this study was limited due to the 
characteristics of tuatara. I don’t think I was able to capture the full range of behaviours that 
were occurring at Ōrokonui during the active season. However, I would still recommend this 
technology to future reptile-behaviour researchers, as it was the most effective tool 
available for a study of this scope. 
Motion-sensor camera traps have been an extremely valuable aspect of many ecology field 
studies monitoring wildlife populations and behaviours and their use continues to grow 
(Cutler & Swann, 1999; Glover-Kapfer et al., 2019). Most trail cameras, including the ones 
used in this project, use a passive infrared (PIR) sensor as their trigger to capture images 
(Hobbs and Brehme, 2017; Rowcliffe et al., 2011; Welbourne et al., 2016). The PIR sensor 
uses a combination of heat and motion, detected by a pyroelectric device (Lang, 2005; Yun 
& Lee, 2014). For PIR sensors to trigger, an animal must be actively moving and be at least 
2.7°C warmer or colder than the background environment (Hobbs & Brehme, 2017; Meek et 
al., 2012; Welbourne et al., 2016).  
While camera traps are vastly more successful for mammal detection, studies have still 
found the use of time-lapse settings to be an adequate time- and cost-efficient method for 
collecting sorely needed data on reptile populations, in comparison to traditional surveying 
techniques (Adams et al., 2017; De Bondi et al., 2010; Swann et al., 2004; Welbourne et al., 
2015). However, problems still face those using cameras to study small reptiles, as they 
rarely vary in temperature from their environment enough to trigger a motion-sensor 
detection. As a result, many researchers still opt to use live-trapping and lab experiments to 
study reptile populations and behaviour, but these methods are labour intensive for the 
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researcher and may cause undue stress and mortality for the animals (De Bondi et al., 2010). 
Fifteen percent of reptiles on the IUCN Red List of Threatened Species are listed as being 
data deficient, a serious issue facing efforts to design conservation programmes (Böhm et 
al., 2013; IUCN, 2019). A recent study has researched the use of a new form of motion 
sensor, the Hobbs Active Light Trigger (HALT) (Hobbs & Brehme, 2017). The HALT is a 3 mm 
near-infrared (NIR) beam that uses an optical trigger to target small ectothermic animals. 
This system, which has a patent pending, has been shown to surpass the ability of usual PIR 
sensors in the capture of small animals, including reptiles and amphibians (Hobbs & 
Brehme, 2017). The advancement of this area of technology will be pivotal in the study of 
reptile populations, including tuatara.  
4.8 Limitations of this research  
 
The most significant limitation of this study was the inability of myself and my cameras to 
observe or record all tuatara activity occurring across all of the area in which tuatara are 
likely to have been active during the study seasons. It is highly likely that I missed a lot of 
important reproductive behaviours occurring over both seasons, including mating and 
courtship behaviours. Due to the signs of reproductive behaviours I was observing, I am 
confident that there were further nests made in the tuatara area during both the 2017 and 
2018 nesting seasons. However, due to the limitations of this study, I was not able to locate 
these nests and therefore could not monitor them to record nest characteristic or success of 
the nest.   
The sample size of the female tuatara population also presented a limitation for this 
research. A total of 15 female adults were released in the 2012 translocation so, although 
some of the individuals released as juveniles are expected to have reached maturity, this is a 
very small population to be studying. In addition to this, Stephens Island females are 
expected to reproduce only every 4-5 years, further limiting the number of females 
expected to be nesting in a given season, and therefore the sample size available to study. If 
a larger sample size was available for study, I think clearer patterns would have emerged in 
regard to nesting behaviours and crest erection. 
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4.9 Future studies 
 
Based on the results and observations made in this research, I highly recommend continued 
monitoring of the tuatara population at Ōrokonui. The nest-site choices being made by 
females pose potential problems to their management and their behaviour should be 
closely watched in the long term, especially as they may alter in response to climate 
warming. I also strongly recommend continued close monitoring of the gravel pile at 
Ōrokonui. It is clear that this site is being favoured by nesting females. However, as the fate 
of the current clutches is uncertain, close monitoring to help us understand whether this 
site is suitable for the growth and development of eggs is important.  
I would also recommend that future translocations of tuatara in New Zealand are all 
monitored over the long term for survival and reproductive behaviours. Reptiles are 
fascinating in the dependence on environmental condition for so many aspects of their life 
history and behaviour. As we begin to experience extreme weather events associated with 
global climate warming, the behaviours of our native species will be extremely important to 
monitor and understand. Knowledge of their behaviours, particularly reproduction, will be a 
crucial tool for protecting populations and ensuring the long-term survival of these species. 
 
4.10 Conclusions  
 
This study has shown that tuatara at Ōrokonui have an active season between at least 
November and the end of April, with nesting behaviours primarily occurring between mid-
November and mid-December. Nesting occurred in two location types, under the sanctuary 
fenceline and in a gravel pile. This evidence of reproduction is an exciting and encouraging 
find for this recently translocated population. However, a temperature data logger installed 
in one nest revealed a thermal regime that lead me to predict that the nest will be entirely 
female, and that there will be a long incubation time of close to two years. Skews in sex 
ratios may have a negative effect on the long-term perseverance of the species. In addition 
to these concerns, both sites where nesting was confirmed may pose risks for the success of 
the clutches and problems for management of the sanctuary and the tuatara population. I 
70 
 
hope that the findings and recommendations laid out in this thesis will provide help in the 
planning and management of future tuatara translocations.  
 
71 
 
References 
 
Adams, C.S., Ryberg, W.A., Hibbitts, T.J., Pierce, B.L., Pierce, J.B. and Rudolph, D.C. (2017) Evaluating 
effectiveness and cost of time-lapse triggered camera trapping techniques to detect terrestrial 
squamate diversity. Herpetological Review, 48 (1), 44-48. 
Allen, K. E. and Powell, R. (2014) Thermal biology and microhabitat use in Puerto Rican eyespot 
geckos (Sphaerodactylus macrolepis macrolepis). Herpetological Conservation and Biology, 9(3), 
590–600. 
Armstrong, D. P. and Seddon, P. J. (2007) Directions in reintroduction biology. Trends in Ecology and 
Evolution, 23(1), 20–25. 
Bachtrog, D., Mank, J.E., Peichel, C.L., Kirkpatrick, M., Otto, S.P., Ashman, T.L., Hahn, M.W., Kitano, J., 
Mayrose, I., Ming, R. and Perrin, N. (2014) Sex determination: why so many ways of doing it. PLoS 
Biology, 12 (7) p.e1001899. 
Besson, A.A., Nelson, N.J., Nottingham, C.M. and Cree, A. (2012) Is cool egg incubation temperature 
a limiting factor for the translocation of tuatara to southern New Zealand? New Zealand Journal of 
Ecology, 36(1), 90-99. 
Besson, A.A. and Cree, A. (2010) A cold-adapted reptile becomes a more effective thermoregulator 
in a thermally challenging environment. Oecologia, 163(3), 571-581. 
Besson, A. A. and Cree, A. (2011) Integrating physiology into conservation: an approach to help guide 
translocations of a rare reptile in a warming environment. Animal conservation, 14, 28–37. 
Blackburn, D.G., 1982. Evolutionary origins of viviparity in the Reptilia. I. Sauria. Amphibia-Reptilia, 
3(2), 185-205. 
Blanchard, B. (2002) Tuatara captive management plan and husbandry manual. Department of 
Conservation. 
Bogisch, M., Cree, A. and Monks, J. M. (2016) Short-term success of a translocation of Otago skinks 
(Oligosoma otagense) to Orokonui Ecosanctuary. New Zealand Journal of Zoology, 43(2), 211–220.  
Böhm, M., Collen, B., Baillie, J.E., Bowles, P., Chanson, J., Cox, N., Hammerson, G., Hoffmann, M., 
Livingstone, S.R., Ram, M. and Rhodin, A.G. (2013) The conservation status of the world’s reptiles. 
Biological Conservation, 157, 372-385. 
Brown, G. P. and Shine, R. (2006) Why do most tropical animals reproduce seasonally? Testing 
hypotheses on an Australian snake. Ecology. [Online] 87(1), 133–143. Available from: doi: 
10.1890/04-1882 [Accessed 2nd January 2019].  
Burger, J. (1989) Incubation Temperature Has Long-Term Effects on Behaviour of Young Pine Snakes 
(Pituophis melanoleucus). Behavioral Ecology and Sociobiology, 24(4), 201–207.  
Camacho, A. and Rusch, T. W. (2017) Methods and pitfalls of measuring thermal preference and 
tolerance in lizards. Journal of Thermal Biology. [Online] 68, 63–72. Available from: doi: 
https://doi.org/10.1016/j.jtherbio.2017.03.010 [Accessed 20th April 2018].  
72 
 
Carter, D. B. (1999) Nesting and evidence of parental care by the lace monitor Varanus varius. 
Mertensiella, 11, 137–147. 
Castanet, J., Newman, D.G. and Girons, H.S. (1988). Skeletochronological data on the growth, age, 
and population structure of the tuatara, Sphenodon punctatus, on Stephens and Lady Alice Islands, 
New Zealand. Herpetologica, 25-37. 
Chapple, D.G., Keall, S.N., Daugherty, C.H. and Hare, K.M. (2017) Nest-site selection and the factors 
influencing hatching success and offspring phenotype in a nocturnal skink. Amphibia-Reptilia, 38(3), 
363-369. 
Charnov, E.L. and Bull, J. (1977) When is sex environmentally determined?. Nature, 266(5605), 828. 
Cree, A., Cockrem, J.F., Brown, M.A., Watson, P.R., Guillette Jr, L.J., Newman, D.G. and Chambers, 
G.K. (1991) Laparoscopy, radiography, and blood analyses as techniques for identifying the 
reproductive condition of female tuatara. Herpetologica, 238-249. 
Cree, A., Daugherty, C.H., Schafer, S.F. and Brown, D. (1991). Nesting and clutch size of tuatara 
(Sphenodon guntheri) on North Brother Island, Cook Strait. Tuatara, 31(1), 9-16. 
Cree, A. (1994) Low annual reproductive output in female reptiles from New Zealand. New Zealand 
journal of zoology, 21(4), 351-372. 
Cree, A. (2014) Tuatara: biology and conservation of a venerable survivor. Christchurch, Canterbury 
University Press. 
Cree, A., Gardiner-Rodden, J., Jarvie, S., Mello, R. R. (2018) Sixth annual report to Ngāti Koata Trust 
on tuatara translocated to Ōrokonui Ecosanctuary: results from the sixth active season. Dunedin. 
Cree, A. and Butler, D. (1993) Tuatara recovery plan (Sphenodon spp.). Department of Conservation, 
Wellington. 
Cree, A., Cockrem, J. F. and Guillette, L. J. (1992) Reproductive cycles of male and female tuatara 
(Sphenodon punctatus) on Stephens Island, New Zealand. Journal of Zoology, 226(2), 199–217. 
Cree, A., Thompson, M. B. and Daugherty, C. H. (1995) Tuatara sex determination. Nature. [Online] 
pg. 543. Available from: doi: 10.1038/375543a0. [Accessed 20th June 2017].  
Cutler, T. L. and Swann, D. E. (1999) Using remote photography in wildlife ecology: a review. Wildlife 
Society Bulletin, 571–581. 
Daniel, P. M. (1960) Growth and cyclic behaviour in the West African lizard, Agama agama Africana. 
73 
 
Copeia, 1960(2), 94–97. 
Daugherty, C.H., Cree, A., Hay, J.M. and Thompson, M.B. (1990) Neglected taxonomy and continuing 
extinctions of tuatara (Sphenodon). Nature, 347(6289), p.177. 
De Bondi, N., White, J.G., Stevens, M. and Cooke, R. (2010) A comparison of the effectiveness of 
camera trapping and live trapping for sampling terrestrial small-mammal communities. Wildlife 
research, 37(6), 456-465. 
Deeming, D. C. (2004) Reptilian incubation: environment, evolution and behaviour. Nottingham, 
Nottingham University Press. 
Doody, J.S., Guarino, E., Georges, A., Corey, B., Murray, G. and Ewert, M. (2006) Nest site choice 
compensates for climate effects on sex ratios in a lizard with environmental sex determination. 
Evolutionary Ecology, 20(4), 307-330. 
Doody, S. J., Burghardt, G. M. and Dinets, V. (2013) Breaking the Social-Non-social Dichotomy: A Role 
for Reptiles in Vertebrate Social Behavior Research? Ethology, 119(2), 95–103. 
Doody, S. J. and Moore, J. A. (2010) Conceptual Model for Thermal Limits on the Distribution of 
Reptiles. Herpetological Conservation and Biology, 5(2), 283–289. 
Eikenaar, C., Husak, J., Escallon, C. and Moore, I.T. (2012) Variation in testosterone and 
corticosterone in amphibians and reptiles: relationships with latitude, elevation, and breeding 
season length. The American Naturalist, 180(5), 642-654.  
Engbretson, G. A. (1993) Hormones, Brain, and Behavior. In: Gans, E. C., Crews, D. (eds.) Biology of 
the Reptilia, Volume 18, The Quarterly Review of Biology, 68(3), p. 466. doi: 10.1086/418267. 
Frye, A., Hardy, K., Hedrick, A.R. and Iverson, J.B. (2017) Factors Affecting nesting times in the 
painted turtle Chrysemys picta in Nebraska. Chelonian conservation and biology, 16(1), 44-51. 
Gainsbury, A. and Meiri, S. (2017) The latitudinal diversity gradient and interspecific competition: no 
global relationship between lizard dietary niche breadth and species richness. Global ecology and 
biogeography, 26(5), 563-572. 
Gamble, T., Greenbaum, E., Jackman, T.R. and Bauer, A.M. (2015) Into the light: diurnality has 
evolved multiple times in geckos. Biological Journal of the Linnean Society, 115(4), 896-910. 
Gartrell, B.D., Girling, J.E., Edwards, A. and Jones, S.M. (2002) Comparison of non-invasive methods 
for the evaluation of female reproductive condition in a large viviparous lizard, Tiliqua nigrolutea. 
Zoo Biology: Published in affiliation with the American Zoo and Aquarium Association, 21(3), 253-
74 
 
268. 
Gaze, P. (2001) Tuatara recovery Plan, 2001-2011. Department of Conservation, Wellington. 
Germano, J., Barlow, S., Castro, I., Colbourne, R., Cox, M., Gillies, C., Hackwell, K., Harawira, J., Impey, 
M., Reuben, A. and Robertson, H. (2018) Kiwi Recovery Plan 2018–2028. Department of 
Conservation. 
Gibbons, J.W. and Nelson, D.H. (1978). The evolutionary significance of delayed emergence from the 
nest by hatchling turtles. Evolution, 32(2), 297-303. 
Gillingham, J.C. and Miller, T.J. (1991. Reproductive ethology of the Tuatara: Sphenodon punctatus: 
applications in captive breeding. International zoo yearbook, 30(1), 157-164. 
Gillingham, J. C., Carmichael, C. and Miller, T. (1995) Social Behaviour of the Tuatara, Sphenodon 
punctatus, Herpetological Monographs, 5–16. 
Girondot, M., Delmas, V., Rivalan, P., Courchamp, F., Prevot-Julliard, A.C. and Godfrey, M.H. (2004) 
Implications of temperature-dependent sex determination for population dynamics. Temperature-
Dependent Sex Determination in Vertebrates. Washington D.C., Smithsonian Institute Press. 
Glover‐Kapfer, P., Soto‐Navarro, C.A. and Wearn, O.R. (2019) Camera‐trapping version 3.0: current 
constraints and future priorities for development. Remote Sensing in Ecology and Conservation, 5(3), 
209–223. 
Groves, J. D. (1982) Egg-eating behaviour of brooding five-lined skinks, Eumeces fasciatus. Copeia, 
1982(4), 969–971. 
Guillette, L. J. (1993) The Evolution of Viviparity in Lizards. Bioscience, 43(11), 742–751. 
Hare, K. M. and Cree, A. (2010) Incidence, causes and consequences of pregnancy failure in 
viviparous lizards: implications for research and conservation settings. Reproduction, Fertility and 
Development, 22(5), 761–770.  
Heath, J. E. (1962) Temperature-Independent Morning Emergence in Lizards of the Genus 
Phrynosoma. Science, 138(3543), 891–892. 
Heatwole, H. (1976) Reptile ecology. St. Lucia, Queensland, University of Queensland Press. 
Heatwole, H. and Taylor, J.A. (1987) Ecology of reptiles. Chipping Norton, Surrey Beatty & Sons. 
Hobbs, M.T. and Brehme, C.S. (2017) An improved camera trap for amphibians, reptiles, small 
mammals, and large invertebrates. PloS one, 12(10), 0185026. 
75 
 
Huey, R.B. and Berrigan, D. (2001) Temperature, demography, and ectotherm fitness. The American 
Naturalist, 158(2), 204-210. 
IUCN. (2019) The IUCN Red List of Threatened Species. [Online], Available at: 
http://www.iucnredlist.org. 
James, C. and Shine, R. (1985) The seasonal timing of reproduction. Oecologia [Online], 67(4), 464–
474. Available from: doi: 10.1007/BF00790016. 
Jarvie, S. (2017) Reintroduction Biology of Tuatara (sphenodon Punctatus): Identifying Suitable 
Founder Animals and Conservation Translocation Sites: a Thesis Submitted for the Degree of Doctor 
of Philosophy at the University of Otago, Dunedin, New Zealand. University of Otago 
Jarvie, S., Besson, A., Adolph, S., Penniket, S. and Cree, A. (2013) First report to Ngati Koata Trust on 
tuatara translocated to Orokonui Ecosanctuary: results from the first five months. Dunedin. 
Jarvie, S., Besson, A., Penniket, S. and Cree, A. (2014) Second report to Ngati Koata Trust on tuatara 
translocated to Orokonui Ecosanctuary: results from the second summer. Dunedin. 
Jarvie, S., Besson, A., Penniket, S. and Cree, A. (2015) Third report to Ngāti Koata Trust on tuatara 
translocated to Ōrokonui Ecosanctuary: results from the third summer. Dunedin. 
Jarvie, S., Besson, A.A., Seddon, P.J. and Cree, A. (2014) Assessing thermal suitability of translocation 
release sites for egg‐laying reptiles with temperature‐dependent sex determination: a case study 
with tuatara. Animal Conservation, 17, 48-55. 
Jarvie, S., Mello, R. R. and Cree, A. (2016) Fourth report to Ngāti Koata Trust on tuatara translocated 
to Ōrokonui Ecosanctuary: results from the fourth active season. Dunedin. 
Jarvie, S., Mello, R. R., Gardiner-Rodden, J. and Cree, A. (2017) Fifth annual report to Ngāti Koata 
Trust on tuatara translocated to Ōrokonui Ecosanctuary: results from the fifth active season. 
Dunedin. 
Jarvie, S., Recio, M.R., Adolph, S.C., Seddon, P.J. and Cree, A. (2016) Resource selection by tuatara 
following translocation: a comparison of wild-caught and captive-reared juveniles. New Zealand 
Journal of Ecology, 40(3), 334-341. 
Jarvie, S., Senior, A.M., Adolph, S.C., Seddon, P.J. and Cree, A. (2015) Captive rearing affects growth 
but not survival in translocated juvenile tuatara. Journal of Zoology, 297(3), 184-193. 
Jones, M. E. H. and Cree, A. (2012) Tuatara. Current Biology, 22(23), 986–987.  
76 
 
Kitchin, J., Barratt, B.I., Jarvie, S., Adolph, S.C. and Cree, A. (2017) Diet of tuatara (Sphenodon 
punctatus) translocated to Ōrokonui Ecosanctuary in southern New Zealand. New Zealand Journal of 
Zoology, 44(3), 256-265. 
Lang, S.B. (2005) Pyroelectricity: from ancient curiosity to modern imaging tool. Physics today, 58(8), 
31. 
Marcus Rowcliffe, J., Carbone, C., Jansen, P.A., Kays, R. and Kranstauber, B. (2011) Quantifying the 
sensitivity of camera traps: an adapted distance sampling approach. Methods in Ecology and 
Evolution, 2(5), 464-476. 
McDiarmid, R.W., Foster, M.S., Guyer, C., Chernoff, N. and Gibbons, J.W. eds. (2012). Reptile 
biodiversity: standard methods for inventory and monitoring. California, University of California 
Press. 
Meek, P.D., Fleming, P. and Ballard, G. (2012) An introduction to camera trapping for wildlife surveys 
in Australia. Canberra, Australia: Invasive Animals Cooperative Research Centre. 
Mello, R.S.R., Besson, A.A., Hare, K.M., Fay, V., Smith, E. and Cree, A. (2013) Adjustment of juvenile 
tuatara to a cooler, southern climate: operative temperatures, emergence behaviour and growth 
rate. New Zealand Journal of Zoology, 40(4), 290-303. 
Miller, K.A., Nelson, N.J., Smith, H.G. and Moore, J.A. (2009) How do reproductive skew and founder 
group size affect genetic diversity in reintroduced populations?. Molecular ecology, 18(18), 3792-
3802. 
Miller, K.A., Miller, H.C., Moore, J.A., Mitchell, N.J., Cree, A., Allendorf, F.W., Sarre, S.D., Keall, S.N. 
and Nelson, N.J. (2012) Securing the demographic and genetic future of tuatara through assisted 
colonization. Conservation Biology, 26(5), 790-798. 
Mitchell, N.J., Nelson, N.J., Cree, A., Pledger, S., Keall, S.N. and Daugherty, C.H. (2006) Support for a 
rare pattern of temperature-dependent sex determination in archaic reptiles: evidence from two 
species of tuatara (Sphenodon). Frontiers in Zoology, 3(1), p.9. 
Mitchell, N.J., Kearney, M.R., Nelson, N.J. and Porter, W.P. (2008) Predicting the fate of a living fossil: 
how will global warming affect sex determination and hatching phenology in tuatara?. Proceedings 
of the Royal Society B: Biological Sciences, 275(1648), 2185-2193. 
Mitchell, N.J., Allendorf, F.W., Keall, S.N., Daugherty, C.H. and Nelson, N.J. (2010) Demographic 
effects of temperature‐dependent sex determination: will tuatara survive global warming?. Global 
Change Biology, 16(1), 60-72. 
77 
 
Mitchell, N. J. and Janzen, F. J. (2010) Temperature-dependent sex determination and contemporary 
climate change. Sexual Development, 4, 129–140. 
Mitchell, T.S., Maciel, J.A. and Janzen, F.J. (2013) Does sex-ratio selection influence nest-site choice 
in a reptile with temperature-dependent sex determination?. Proceedings of the Royal Society B: 
Biological Sciences, 280(1772), p.20132460. 
Moffat, L. A. (1985) Embryonic development and aspects of reproductive biology in the tuatara, 
Sphenodon punctatus. Biology of the Reptilia. John Wiley & Sons Oxford. 
Moll, E. (1973) Latitudinal and intersubspecific variation in reproduction of the painted turtle, 
Chrysemys picta. Herpetologica, 307–318. 
Moore, J.A., Nelson, N.J., Keall, S.N. and Daugherty, C.H. (2008) Implications of social dominance and 
multiple paternity for the genetic diversity of a captive-bred reptile population (tuatara). 
Conservation Genetics, 9(5), 1243-1251. 
Mullan, B. (2018) Climate change projections for New Zealand : atmospheric projections based on 
simulations undertaken from the IPCC 5th assessment. Wellington, New Zealand, Ministry for the 
Environment Manatū Mō Te Taiao. 
Nelson, N.J., Thompson, M.B., Pledger, S., Keall, S.N. and Daugherty, C.H. (2004) (a) Egg mass 
determines hatchling size, and incubation temperature influences post-hatching growth, of tuatara 
Sphenodon punctatus. Journal of Zoology, 263(1), 77-87. 
Nelson, N.J., Thompson, M.B., Pledger, S., Keall, S.N. and Daugherty, C.H. (2004) (b) Do TSD, sex 
ratios, and nest characteristics influence the vulnerability of tuatara to global warming?. In 
International Congress Series, 1275, 250-257. 
Nelson, N.J., Keall, S.N., Refsnider, J.M. and Carter, A.L. (2018) Behavioral variation in nesting 
phenology may offset sex‐ratio bias in tuatara. Journal of Experimental Zoology Part A: Ecological 
and Integrative Physiology, 329(6-7), 373-381. 
Newman, D. G. (1987) Burrow Use and Population Densities of Tuatara (Sphenodon punctatus) and 
How They Are Influenced by Fairy Prions (Pachyptila turtur) on Stephens Island, New Zealand. 
Herpetologica, 43(3), 336–344. 
Newman, D. G., Crook, I. G. and Moran, L. R. (1979) Some recommendations on the captive 
maintenance of tuataras. International zoo yearbook, 19(1), 68–74. 
Newman, D.G. and Watson, P.R. (1985) The contribution of radiography to the study of the 
78 
 
reproductive ecology of the tuatara, Sphenodon punctatus. New Zealand Wildlife Service. 
NIWA (2018) New Zealand annual climate summary: 2017. 
Norris, D. O. and Lopez, K. H. (2011) Hormones and Reproduction of Vertebrates: Reptiles. 
Burlington, Elsevier. 
Pezaro, N., Doody, J. S. and Thompson, M. B. (2017) The ecology and evolution of temperature-
dependent reaction norms for sex determination in reptiles: a mechanistic conceptual model. 
Biological Reviews. John Wiley & Sons, Ltd. 
Pieau, C. and Mrosovsky, N. (1991) Transitional range of temperature, pivotal temperatures and 
thermosensitive stages for sex determination in reptiles. Amphibia-Reptilia, 12(2), 169-179. 
Pincheira-Donoso, D., Bauer, A.M., Meiri, S. and Uetz, P. (2013) Global taxonomic diversity of living 
reptiles. PLoS One, 8(3), p.e59741. 
Ramstad, K.M., Nelson, N.J., Paine, G., Beech, D., Paul, A., Paul, P., Allendorf, F.W. and Daugherty, 
C.H. (2007) Species and cultural conservation in New Zealand: Maori traditional ecological 
knowledge of Tuatara. Conservation Biology, 21(2), 455-464. 
Ramstad, K.M., Paine, G., Dunning, D.L., Geary, A.F., Keall, S.N. and Nelson, N.J. (2009) Effective 
partnerships between universities and indigenous communities: A case study in tuatara conservation 
in Aotearoa. Journal of the Royal Society of New Zealand, 39(4), 229-231. 
Ramstad, K.M., Colbourne, R.M., Robertson, H.A., Allendorf, F.W. and Daugherty, C.H. (2013) 
Genetic consequences of a century of protection: serial founder events and survival of the little 
spotted kiwi (Apteryx owenii). Proceedings of the Royal Society B: Biological Sciences, 280(1762), 
p.20130576. 
Reedy, A. M., Zaragoza, D. and Warner, D. A. (2012) Maternally chosen nest sites positively affect 
multiple components of offspring fitness in a lizard. Behavioural Ecology, 24(1), 39–46. 
Refsnider, J.M., Keall, S.N., Daugherty, C.H. and Nelson, N.J. (2009) Does nest-guarding in female 
tuatara (Sphenodon punctatus) reduce nest destruction by conspecific females?. Journal of 
Herpetology, 43(2), 294-300. 
Refsnider, J.M., Daugherty, C.H., Keall, S.N. and Nelson, N.J. (2010) Nest‐site choice and fidelity in 
tuatara on Stephens Island, New Zealand. Journal of Zoology, 280(4), 396-402. 
Refsnider, J.M., Daugherty, C.H., Godfrey, S.S., Keall, S.N., Moore, J.A. and Nelson, N.J. (2013) 
Patterns of nesting migrations in the Tuatara (Sphenodon punctatus), a colonially nesting island 
79 
 
reptile. Herpetologica, 69(3), 282-290. 
Rheubert, J. L., Siegel, D. S. and Trauth, S. E. (2015) Reproductive biology and phylogeny of lizards 
and tuatara. Boca Raton, CRC Press, Taylor & Francis Group. 
Roll, U., Feldman, A., Novosolov, M., Allison, A., Bauer, A.M., Bernard, R., Böhm, M., Castro-Herrera, 
F., Chirio, L., Collen, B. and Colli, G.R. (2017) The global distribution of tetrapods reveals a need for 
targeted reptile conservation. Nature Ecology & Evolution, 1(11), p.1677. 
Schwanz, L.E. and Janzen, F.J. (2008) Climate change and temperature-dependent sex 
determination: can individual plasticity in nesting phenology prevent extreme sex ratios?. 
Physiological and Biochemical Zoology, 81(6), 826-834. 
Seebacher, F. and Shine, R. (2004) Evaluating thermoregulation in reptiles: The fallacy of the 
inappropriately applied method. Physiological and Biochemical Zoology, 77(4), 688–695. 
Shine, R. (1983) Reptilian reproductive modes: the oviparity-viviparity continuum. Herpetologica, 
39(1), 1-8. 
Shine, R. (2005) Life-history evolution in reptiles. Annu. Rev. Ecol. Evol. Syst., 36, 23-46. 
Shine, R. (2014) Evolution of an evolutionary hypothesis: a history of changing ideas about the 
adaptive significance of viviparity in reptiles. Journal of Herpetology, 48(2), 147-161. 
Shine, R. (2015) The evolution of oviparity in squamate reptiles: an adaptationist perspective. 
Journal of Experimental Zoology Part B: Molecular and Developmental Evolution, 324(6), 487-492. 
Shine, R. and Elphick, M. J. (2001) The effect of short-term weather fluctuations on temperatures 
inside lizard nests, and on the phenotypic traits of hatchling lizards. Biological Journal of the Linnean 
Society, 72(4), 555–565. 
Socci, A. M., Schlaepfer, M. A. and Gavin, T. A. (2005) The importance of soil moisture and leaf cover 
in a female lizard’s (Norops polylepis) evaluation of potential oviposition sites. Herpetologica, 61(3), 
233–240. 
Stebbins, R.C. (1958) An experimental study of the" third eye" of the tuatara. Copeia, 1958(3), 183-
190. 
Swann, D.E., Hass, C.C., Dalton, D.C. and Wolf, S.A. (2004) Infrared‐triggered cameras for detecting 
wildlife: an evaluation and review. Wildlife Society Bulletin, 32(2), 357-365. 
Tanentzap, A.J. and Lloyd, K.M. (2017) Fencing in nature? Predator exclusion restores habitat for 
80 
 
native fauna and leads biodiversity to spill over into the wider landscape. Biological Conservation, 
214, 119-126. 
Taylor, H.R., Nelson, N.J. and Ramstad, K.M. (2019) The first recorded interaction between two 
species separated for centuries suggests they were ecological competitors. New Zealand Journal of 
Ecology, 43(1). 
Thompson, M.B. (1990) Incubation of eggs of tuatara, Sphenodon punctatus. Journal of Zoology, 
222(2), 303-318. 
Thompson, M.B., Packard, G.C., Packard, M.J. and Rose, B. (1996) Analysis of the nest environment 
of tuatara Sphenodon punctatus. Journal of Zoology, 238(2), 239-251. 
Thompson, M.B. and Daugherty, C.H. (1998) Metabolism of tuatara, Sphenodon punctatus. 
Comparative Biochemistry and Physiology Part A: Molecular & Integrative Physiology, 119(2), 519-
522. 
Tyrrell, C. (2000) Reproductive ecology of northern tuatara (sphenodon punctatus punctatus). 
University of Otago. 
Tyrrell, C.L., Cree, A. and Towns, D.R. (2000) Variation in reproduction and condition of northern 
tuatara (Sphenodon punctatus punctatus) in the presence and absence of kiore. Department of 
Conservation, Wellington. 
Ultsch, G.R. (1989) Ecology and physiology of hibernation and overwintering among freshwater 
fishes, turtles, and snakes. Biological Reviews, 64(4), 435-515. 
Valenzuela, N. and Lance, V. eds. (2004) Temperature-dependent sex determination in vertebrates. 
Washington, DC, Smithsonian Books. 
Waitangi Tribunal (2011) Ko Aotearoa Tēnei: A Report into Claims Concerning New Zealand Law and 
Policy Affecting Māori Culture and Identity Te Taumata Tuarua Volume 1. Wellington, N.Z.: 
Legislation Direct. Available from: 
https://forms.justice.govt.nz/search/Documents/WT/wt_DOC_68356416/KoAotearoaTeneiTT2Vol1
W.pdf. 
Walls, G.Y. (1983) Activity of the tuatara and its relationships to weather conditions on Stephens 
Island, Cook Strait, with observations on geckos and invertebrates. New Zealand journal of zoology, 
10(3), 309-317. 
Ward‐Fear, G., Brown, G.P., Pearson, D.J., West, A., Rollins, L.A. and Shine, R. (2018) The ecological 
81 
 
and life history correlates of boldness in free‐ranging lizards. Ecosphere, 9(3), p.e02125. 
Warner, D. A. and Andrews, R. M. (2002) Nest-site selection in relation to temperature and moisture 
by the lizard Sceloporus undulatus. Herpetologica, 58(4), 399–407. 
Warner, D.A. and Shine, R. (2008) The adaptive significance of temperature-dependent sex 
determination in a reptile. Nature, 451(7178), p.566. 
Welbourne, D.J., MacGregor, C., Paull, D. and Lindenmayer, D.B. (2015) The effectiveness and cost of 
camera traps for surveying small reptiles and critical weight range mammals: a comparison with 
labour-intensive complementary methods. Wildlife Research, 42(5), 414-425. 
Welbourne, D.J., Claridge, A.W., Paull, D.J. and Lambert, A. (2016) How do passive infrared triggered 
camera traps operate and why does it matter? Breaking down common misconceptions. Remote 
Sensing in Ecology and Conservation, 2(2), 77-83. 
Werner, Y.L. and Whitaker, A.H. (1978) Observations and comments on the body temperatures of 
some New Zealand reptiles. New Zealand Journal of Zoology, 5(2), 375-393. 
White, D.J., Ramón-Laca, A., Amey, J. and Robertson, H.A. (2018) Novel genetic variation in an 
isolated population of the nationally critical Haast tokoeka (Apteryx australis ‘Haast’) reveals 
extreme short-range structure within this cryptic and flightless bird. Conservation genetics, 19(6), 
1401-1410. 
Yun, J. and Lee, S.S. (2014) Human movement detection and identification using pyroelectric infrared 
sensors. Sensors, 14(5), 8057-8081. 
 
 
 
 
 
 
 
 
 
82 
 
Appendices 
 
Appendix 1 
 
Table A1.1: List of all individual cameras used in this study and their locations throughout 
the 2017 – 2018 active season 
Camera # Model Locations 
1 Bushnell Fenceline low: 24 November 2017 – 3 December 2017 
Turn-around-area: 17 January 2018 – 30 April 2018 
Gravel pile 2: 7 November 2018 – 31 December 2018 
2 Bushnell Fenceline middle: 23 November 2017 – 30 April 2018 
3 Bushnell Plot #5: 19 November 2017 – 30 April 2018 
4 Bushnell Plot #7: 19 November 2017 – 30 April 2018 
5 UO Vision Fenceline low: 4 December – 30 April 2018 
Gravel pile: 30 April 2018 to 31 December 2018  
6 UO Vision Fenceline top: 18 November 2017 – 30 April 2018 
7 Reconyx Plot #1: 9 November 2017 – 26 January 2018 
8 Reconyx Gravel pile: 18 November 2017 – 30 April 2018  
9 Reconyx Plot #9: 13 November 2017 – 15 April 2018 
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Appendix 2 
Throughout the active season when the cameras were deployed at Orokonui, I captured 
many images of other native animals and mammalian-predators outside of the fence. The 
photos show the value and importance of the fence as these animals live close by and, as we 
can see, actively try and enter the sanctuary 
 
Figure A2.1: A rat climbing the predator-exclusion fence. Photo taken by Bushnell trail 
camera # on 03/02/2018 at 22:20 
 
Figure A2.2: A domestic cat and Haast tokoeka sitting less than 1 m apart. Photo taken by 
UO Vision camera #5 on 13/03/2018 at 01:06.  
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Appendix 3 
 
At the start of my research an important aim was to gather data on nesting on Stephens 
Island and ZEALANDIA to compare with my results from Ōrokonui. To get this information I 
distributed the following 2-sided notice to volunteers at ZEALANDIA requesting information 
on for observations on tuatara nesting, courtship and mating.  
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Request for observations on tuatara nesting, courtship and 
mating 
My name is Jemima Gardiner-Rodden and I’m from the University of Otago, currently 
working towards my MSc in Zoology. For this I’m being supervised by Alison Cree, and co-
supervised by Nicola Nelson (from Victoria University) and Stephanie Godfrey from Otago. I 
want to thank you very much for helping out with my project. The aim of this research is to 
explore how latitude influences the nesting ecology of tuatara. My focus is on the Ōrokonui 
Ecosanctuary near Dunedin, where tuatara were recently translocated from Stephens 
Island. This is a huge climatic shift for an ectothermic species, so I want to explore how it 
may have affected their nesting. To do this I will be collecting data on the timing and 
locations of nesting at Ōrokonui and comparing it with any information I can get from 
populations at more northern sites, such as Zealandia. This sheet provides some information 
on what we will be searching for with a data sheet to fill out when nesting behaviour/nests 
are located. Thank you again, any information you are able to provide is hugely appreciated.  
 
If you see any of the signs or behaviours listed below, I 
would very much appreciate it if you let me let me 
know the details of the observations. Please note that I 
this is only visual observations – please don’t touch or 
interfere in any way with the individual or nest.  
 
Tuatara nesting 
Aims: 
1. Determine when and where nesting is occurring 
What we are looking for: 
- Scrapes in soil (e.g. Fig. 1) 
- Diggings, excavated tunnel 
- Completed nests 
- Nest guarding females 
- Aggression between females 
- Sudden weight loss in females 
 
Courting behaviour and mating 
Aims: 
1. Determine when males display erect crests, 
courtship and mating is occurring  
 
What we are looking for:  
- Males with erect spines (Figures 2 and 3) 
- Males and females spotted in close proximity 
or mating (Fig. 2)        
  
 
Fig. 1 Tuatara 
nest scrape. 
Photo from 
Cree (2014) 
 
Fig. 3. Male with erect spine. Photo from 
Alison Cree.  
Fig. 2. Male and 
female tuatara 
courting. Photo 
from Cree 
(2014).  
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Date and 
time 
Location/GPS 
coordinates if 
possible 
Description of activity/identifying features of individual  Image 
file 
number 
    
    
    
    
    
    
    
Volunteer name: 
Contact number/email: 
Please scan and email observations to garje512@student.otago.ac.nz 
If possible, please attach photos of observations with the email 
 
